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INTRODUCTION 

We have previously repor ted  r e a c t i v i t i e s  of  var ious  American c o a l  c h a r s  i n  a i r  
I n  t h i s  paper ,  w e  are present ing  r e a c t i v i t i e s  of t h e  same 

The 

(I), Cog (2)  and H2 ( 3 ) .  
set of  chars  i n  steam. 
of  N2-H20 mixture conta in ing  water vapor a t  a p a r t i a l  p r e s s u r e  of  1 7 . 5  t o r r .  
v a r i a b l e s  chosen f o r  i n v e s t i g a t i o n  were rank of  parent  c o a l s ,  minera l  matter c o n t e n t ,  
p a r t i c l e  s i z e ,  r e a c t i o n  temperature  and pressure .  
on char  r e a c t i v i t y  has  a l s o  been s t u d i e d .  

R e a c t i v i t i e s  have been measured a t  910°C i n  one atmosphere 

E f f e c t  of  a d d i t i o n  of H2 t o  steam 

EXPERIMENTAL 

Char Prepara t ion  Seventeen U.S. c o a l s  (40x100 mesh) varying i n  rank from a n t h r a c i t e  
t o  l i g n i t e  were used f o r  t h e  p r e p a r a t i o n  of  c h a r s .  
a N atmosphere a t  a rate of 10°C/min. Soak t i m e  a t  1000°C w a s  2 hr .  I n  order  t o  
s t d y  t h e  e f f e c t  of minera l  mat te r  removal on char  r e a c t i v i t y ,  s e l e c t e d  c o a l s ,  p r i o r  
t o  carboniza t ion ,  o r  r a w  c h a r s ,  were acid-washed (AW) wi th  10 volume % HC1 or  demin- 
e r a l i z e d  with a 1:l HC1-HF mixture .  

Procedure A Fisher  TGA u n i t ,  Model 442, was used f o r  r e a c t i v i t y  measurements. About 
3 mg of char  contained i n  a plat inum pan w e r e  heated i n  N 
a t  a r a t e  of 20°C/min. 
cons tan t .  The sample w a s  then cooled t o  t h e  r e a c t i o n  temperature  (910OC) and h e l d  a t  
t h i s  temperature f o r  20 min f o r  temperature  s t a b i l i z a t i o n .  
replaced by the  appropr ia te  r e a c t i n g  mixture .  
bubbling prepur i f ied  N 2 duc t ion  of  t h e  r e a c t i n g  mixture ,  t h e  weight of  t h e  sample was recorded cont inuously 
as a func t ion  of t i m e .  

R e a c t i v i t y  Measurement 
by a r a t e  increase.  Following t h e  sugges t ion  of Jenkins  e t  a l .  (l), t h e  r e a c t i v i t y  
parameter was c a l c u l a t e d  by t h e  fol lowing equat ion:  

The c o a l s  were heated t o  1000°C i n  

(300 cclmin) up t o  100O'C 
Heating a t  1000°C was cont inued ui?t i l  the  char  weight became 

Af ter  t h i s ,  N2 was 
Water vapor p r e s s u r e  w a s  generated by 

Following i n t r o -  through deaerated d i s t i l l e d  water  a t  20'C. 

Burn-off curves  u s u a l l y  had a slow induct ion  per iod  followed 

where w 
i s  t h e  gaximum r e c t i l i n e a r  weight l o s s  r a t e  (mg hr -  ). 

i s  t h e  s t a r t i n g  weight of t h e  char  on a dr i -ash- f ree  (daf )  b a s i s  and dw/dt 

RESULTS AND DISCUSSION 

R e a c t i v i t y  Versus Rank of Parent  Coal 
with r e l e v a n t  ana lyses  of c o a l s  and c h a r s  a r e  l i s t e d  i n  Table  1. It is seen  t h a t  
char  r e a c t i v i t y  decreases ,  i n  genera l ,  wi th  i n c r e a s e  i n  rank o f  t h e  parent  c o a l .  
There is a cons iderable  spread i n  r e a c t i v i t i e s  of c h a r s  produced from c o a l s  of 
d i f f e r e n t  rank. The LV bituminous c h a r ,  PSOC-127, i s  t h e  least r e a c t i v e ,  whereas t h e  
l i g n i t e  char ,  PSOC-91, I s  t h e  most r e a c t i v e ,  i ts r e a c t i v i t y  being about 250 t i m e s  
t h a t  of the  PSOC-127 char .  

Mineral Matter Removal Removal of minera l  matter decreases ,  i n  g e n e r a l ,  subsequent 
char  r e a c t i v i t y .  However, i n  t h e  case  of c h a r s  der ived  from higher  rank c o a l s  
mineral  matter removal enhances r e a c t i v i t y .  
p r i o r  t o  t h e i r  carboniza t ion  b r i n g s  about profound changes i n  s u r f a c e  a r e a  and 
p o r o s i t y .  

R e a c t i v i t y  parameters  f o r  v a r i o u s  c h a r s  a long  

Removal o f  minera l  m a t t e r  from c o a l s  

The decrease  i n  c h a r  r e a c t i v i t y  and changes i n  s u r f a c e  a r e a  a r e  much l e s s  
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pronounced when the chars rather than the coal precursors are acid-washed or 
demineralized. 

Particle Size 
the same for 40x100, 100x150 and 200x325 mesh fractions. However, the reactivity 
of a LV bituminous char, PSOC-127, increases 4-fold when particle size is reduced 
from 40x100 to 200x325 mesh, indicating that the reaction is partly diffusion 
controlled. Upon demineralization, the reactivity parameter for the lignite char 
decreases for all the three size fractions, whereas the reactivity of the PSOC-127 
char increases about 10-fold for each size fraction. 
Pressure 
and 17.5 torr was determined for PSOC-91 char. The reactivity was found to be 
proportional to steam pressure raised to the 0.60 power. 
Temperature Reactivity of a lignite char, PSOC-91, was studied in the temperature 
range 750-930OC. Below 890°C, the reaction is chemically controlled with an apparent 
activation energy of 42 kcal/mole. Above 890°C, the reaction is diffusion controlled 
and has an activation energy of 18 kcal/mole. 
Addition of H2 .In order to study the effect of H2 addition to steam on char 
reactivity, a mixture of N 
20°C; the partial pressure of water vapor in the mixture was 17.5 torr. Reactivities 
of a few selected chars in steam, as well as in the steam-H 
Table 2. Reactivities of the two lignite chars, PSOC-91 an2 87, decrease sharply in 
the presence of H2 indicating its strong inhibitive effect. 
little or no effect on the reactivities of chars derived from PSOC-26, 22 and 24 
coals. Reactivity of the LV bituminous char, PSOC-127, increases by 20-fold in the 
presence of H2. 
the reactivity of the raw lignite char, PSOC-138, but hag an inhibiting effect on 
the reactivity of the acid-washed char. 
the PSOC-127 and 138 raw chars, H reacts with some catalytically inert inorganic 
impurity initially present in the char converting it to a catalytically active chemi- 
cal form and that the inhibitive effect on char reactivity due to H2 is more than 
offset by the catalytic effect of the 'regenerated' impurity. 

For a lignite char, PSOC-87, the reactivity parameter is essentially 

The dependence of rate on steam partial pressure in the range between 6.5 

and H2 containing 20% H2 was bubbled through water at 2 
mixture, are given in 

Addition of H has 2 

It is noteworthy that the addition of H to steam increases slightly 

These results suggest that in the case of 
2 

In the steam partial pressure range 6.5 to 17.5 torr, the reactivity of PSOC-91 
char in steam-H2 mixtures is proportional to.the steam pressure raised to the 0.93 
power. 

Reactivity of PSOC-91 char in the steam-H2 mixture, unlike that in steam, is 
chemically controlled over the 750-930°C temperature range; the apparent activation 
energy for the reaction is 84 kcal/mole compared to 42 kcal/mole for the reaction 
in steam. 
the strong inhibiting effect of H2 on the char-steam reaction for PSOC-91. 

The higher activation energy in the steam-H2 mixture is indicative of 
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PSOC 
Sample No. 

91 
87 
140 
138 
98 
101 
26 
22 
24 
67 
171 
4 

137 
114 
127 
81 
177 

TABLE 1 

CHAR REACTIVITY 

Parent  Coal 
ASTM Rank State C(daf) ,  % 

L i g n i t e  Mon. 70.7 
L i g n i t e  N . D .  71.2 
L i g n i t e  Tex. 71.7 
L i g n i t e  Tex. 74.3 
Sbb-A wyo . 74.3 
Sbb-C Wyo . 74.8 
HVB Ill. 77.3 
HVC Ill. 78.8 
HVB Ill. 80.1 
HVB U t .  80.4 
HVA W.Va. 82.3 
HVA KY, 83.8 
Mv Ala. 87.0 
LV Pa. 88.2 
LV Pa. 89.6 
Anthrac i te  Pa. 91.9 
Anthrac i te  Pa. 93.5 

26 
22 
24 
127 

I N  STEAM 

Char 
Ash, % 

11 
13 
12 
16 
12 
8 
20 
23 
14 
5 
11 
2 
19 
12 
7 
6 
5 

R e a c t i v i t y ,  mg hr-' mg-' 

2.9 
2.8 
1.5 
1.2 
1.0 
2.5 
0.25 
0.45 
0.52 
0.22 
0.15 
0.30 
0.10 
0.07 
0.011 
0.13 
0.11 

TABLE 2 

EFFECT OF HYDROGEN ADDITION TO STEAM ON CHAR REACTIVITY 

PSOC 
Sample No. 

91 
91 AW 
87 
138 
138 AW 

R e a c t i v i t y ,  mg hr-l mg-' 
2 Steam S t eam-H 

2.9 
1.8 
2.8 
1.2 
0.88 
0.25 
0.45 
0.52 
0.011 

0.63 
0.51 
1.0 
1.3 
0.63 
0.24 
0.40 
0.59 
0.20 
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INTRODUCTION 

It is w e l l  known t h a t  most minera ls  a c t  more or less t o  c a t a l y z e  carbon 
g a s i f i c a t i o n  ( 1 , Z ) .  I n  c o a l s ,  t h e r e  a r e  two broad c l a s s e s  of inorganic  i m p u r i t i e s  
-- t h e  d i s c r e t e  minera l  m a t t e r ,  which i s  u s u a l l y  p r e s e n t  i n  p a r t i c l e s  g r e a t e r  than 
about 1 pm i n  s i z e ,  and the  minor and t r a c e  elements ,  which a r e  more o r  less 
assoc ia ted  wi th  the  organic  phase o r  minera l  phase i n  a h i g h l y  d ispersed  s ta te .  
Because of c u r r e n t  i n t e r e s t  i n  producing low and h igh  BTU gases  by c o a l  g a s i f i c a t i o n ,  
i t  i s  d e s i r a b l e  t o  know t h e  e x t e n t  t o  which inorganic  i m p u r i t i e s  i n  chars  (as a 
r e s u l t  of being present  i n  t h e  o r i g i n a l  c o a l s )  i n c r e a s e s  g a s i f i c a t i o n  r a t e s .  The 
aim of t h e  p resent  s t u d y  i s  t o  i n v e s t i g a t e  p o s s i b l e  c a t a l y t i c  a c t i v i t y  of major 
minera ls  found i n  c o a l s  f o r  char  g a s i f i c a t i o n  i n  a i r ,  C02 and H2.  
hence, chars  are i n v a r i a b l y  a s s o c i a t e d  with many inorganic  i m p u r i t i e s ,  a h igh  p u r i t y  
polymer char having a s t r u c t u r e  similar t o  coal-der ived c h a r s  has  been used i n  t h e  
p r e s e n t  s tudy.  

Since c o a l s  and, 

EXPERIMENTAL 

Char Prepara t ion  The high p u r i t y  char  w a s  ob ta ined  by carboniz ing  Saran ( a  co- 
polymer of PVDC and PVC i n  a r a t i o  of about 9 : l )  a t  900°C i n  t h e  manner descr ibed 
previous ly  ( 3 ) .  The c h a r  w a s  ground and t h e  200x325 mesh f r a c t i o n  (44x74 pm 
p a r t i c l e  s ize)hea ted  i n  N 
min. 
t h e  char  w e r e  900 and 1110 m /g .  

Minerals  The fol lowing minera ls  were used: k a o l i n i t e ,  i l l i t e ,  calci te ,  dolomite ,  
gypsum, quar tz ,  r u t i l e ,  p y r i t e  and s i d e r i t e .  The minera ls  were obta ined  from Wards 
Natura l  Science Establ ishment ,  Inc . ,  New York. 

Prepara t ion  of Char-Mineral Mixtures  Various char-mineral mix tures  conta in ing  52, 
by weight ,  minera ls  w e r e  prepared by mixing t h e  200x325 mesh f r a c t i o n  of t h e  minerals  
wi th  t h e  same s i z e  f r a c t i o n  of  Saran char .  The mixtures  were blended f o r  4 h r  i n  an 
e l e c t r i c  r o t a t i n g  device .  

Procedure R e a c t i v i t i e s  of v a r i o u s  char-mineral  mix tures  were determined i n  a i r  
(1 a t m )  a t  55OoC, CO (1 atm) a t  96OoC and H (20.4 atm) a t  94OOC. I n  each case ,  an 
e l e c t r o b a l a n c e  was used t o  monitor  weight changes occurr ing  dur ing  t h e  g a s i f i c a t i o n  
r e a c t i o n .  D e t a i l s  o f  t h e  exper imenta l  procedure have been descr ibed  previous ly  ( 4 , 5 ) .  
B r i e f l y ,  a s m a l l  amount of t h e  mixture  contained i n  a plat inum pan w a s  hea ted  i n  an 
i n e r t  (N2 o r  He) atmosphere t o  t h e  r e a c t i o n  temperature  a t  a r a t e  of 20°C/min. The 
sample was maintained i so thermal ly  a t  t h e  r e a c t i o n  temperature  f o r  1 5  min t o  ensure 
thermal  s t a b i l i t y .  
r e a c t a n t  gas. 
cont inuously . 
R e a c t i v i t y  Measurement I n  t h e  p r e s e n t  s tudy  burn-off vs .  t ime curves had a gradual  
induct ion  per iod  followed by a region i n  which burn-off increased  wi th  t i m e .  A t  
h igher  l e v e l s  of carbon burn-off ,  the  rates s t a r t e d  t o  decrease .  Ins tan taneous  
r d a c t i v i t y  (R ) a t  d i f f e r e n t  r e a c t i o n  times was c a l c u l a t e d  from t h e  fo l lowing  
equat ion:  

i n  a f l u i d i z e d  bed r e a c t o r  up t o  1000°C a t  a r a t e  of 10°C/ 
Soak time a t  1000"C2waf 2 h r .  The N2 (77'K) and C02 (298'K) s u r f a c e  a r e a s  of 

2 2 

Following t h i s ,  the i n e r t  atmosphere was rep laced  by t h e  
Weight changes o c c u r r i n g  dur ing  g a s i f i c a t i o n  were then  determined 

R = L  .dsJ 
t w d t  t 

where wt and dw/dt a r e  t h e  weight of t h e  unreacted char  on a dry-ash-free ( d a f )  
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basis and slope of the burn-off VS. time plot at time t, respectively. For 
reactions in CO 
rate in the regfon where the kinetics follow a firsf order rate expression with 
respect to amount of unreacted char, has been reported. For reaction in air, R 
increased monotonically with conversion so that R 
fore, the reactivity parameter for the reaction i$ air has been calculated from the 
following equation: 

and H2, the reactivity parameter R , which represents the constant 

values cannot be given. TheEe- 
- 

R =!Z . -  dw 
o w dt 

where w 
rectiliiear rate of weight l o s s .  

is the starting weight of char on a daf basis and dw/dt is the maximum 

RESULTS AND DISCUSSION 

Reactivity parameters for various char-mineral mixtures in air, CO and H are 2 2 listed in Table 1. Reactivities could be duplicated within +2% in al1,cases. 

TABLE 1 

REACTIVITY RESULTS 

Mineral 
none 
siderite 
pyrite 
dolomite 
illite 
quartz 
gypsum 
rutile 
kaolinite 
calcite 

Reactivity, 

R i n  

Air 
1.1 
1.0 
1.1 
1.0 
1.0 

1.0 
1.1 
1.2 
1.0 

- 

mg hr-' mg-' 

Rc in 
- c02 "2 
1.9 2.3 
1.8 5.6 
1.3 3.9 
2.0 2.0 
1.8 1.4 
2.0 2.1 
1.5 1.6 
2.0 1 . 6  
1.6 1.2 
1.7 0.6 

Reactivity in Air Values of R for various samples vary between 1.0 and 1.2. 
Furthermore, instantaneous rat& at a given conversion for different mixtures were 
found to be.essentially the same as for the Saran char itself. These results thus 
indicate that there is little or no catalytic effect of the minerals studied on char 
reactivity in air. 

Most of the minerals investigated are known to undergo chemical and/or 
structural changes upon heating to higher temperatures. In order to see if such 
changes modify activity of the various minerals towards char gasification in air, a 
few char-mineral mixtures prior to making reactivity measurements at 55OoC were 
heated to 900'C in an inert atmosphere. The reactivities following heat treatment 
at 900°C were found to be essentially the same as when the heat treatment tempera- 
ture was 550°C. Thus, the chemical o r  structural formof the minerals investigated 
have no detectable catalytic effect on char gasification in air. 

Reactivit in CO It is seen (Table 1) that pyrite, gypsum, kaolinite and calcite 
inhibit tie reacgion in CO ; the effect is most pronounced for pyrite. 
worthy that although both 8-CO and C-0 
mediate oxygen transfer step ( ! , 2 ) ,  the aforementioned minerals inhibit the reaction 
in CO 
of these minerals for gasification reactions in different oxidizing atmospheres. 

It is note- 
gasification reactions involve an inter- 2 

whereas they have no such effect in 02 .  This shows high catalytic specificity 2 
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The observed i n h i b i t i v e  e f f e c t  of  p y r i t e  may be  due t o  t h e  fol lowing.  Carbon 
monoxide i s  produced dur ing  t h e  C-C02 r e a c t i o n .  
gaseous phase,  i t  has  a two-dimensional m o b i l i t y  on t h e  s u r f a c e .  During t h i s  
m o b i l i t y ,  CO may c o l l i d e  wi th  p y r i t e  p a r t i c l e s  producing COS which i n  t u r n  may 
d i s s o c i a t e  a t  t h e  r e a c t i o n  tempera ture  i n t o  CO and S. T h i s  s u l f u r  may be chemi- 
sorbed on t h e  char  s u r f a c e .  
e s s e n t i a l l y  at t h e  same a c t i v e  carbon s i t e s  (6) .  Since t h e  f i r s t  s t e p  i n  t h e  over- 
a l l  g a s i f i c a t i o n  process  i s  t h e  d i s s o c i a t i v e  chemisorpt ion of t h e  r e a c t a n t  gas a t  
t h e  a c t i v e  carbon s i tes ,  i t  i s  obvious t h a t  fo l lowing  chemisorpt ion of s u l f u r  the  
e x t e n t  of oxygen chemisorpt ion and ,  hence,  g a s i f i c a t i o n  rate w i l l  be r e t a r d e d .  

R e a c t i v i t  i n  H Most of  t h e  m i n e r a l s  have an e f f e c t ,  e i t h e r  c a t a l y t i c  o r  
inhibitiv:, on $he h y d r o g a s i f i c a t i o n  r e a c t i o n .  S i d e r i t e  and p y r i t e  show l a r g e  
c a t a l y t i c  a c t i v i t y .  Both t h e s e  m i n e r a l s  c o n t a i n  i r o n  as a major component. X-ray 
d i f f r a c t i o n  s t u d i e s  revea led  t h a t  d u r i n g  t h e  h y d r o g a s i f i c a t i o n  r e a c t i o n  both these  
minera ls  a r e  reduced t o  e lementa l  i r o n .  It i s  w e l l  known t h a t  metall ic i r o n  
c a t a l y z e s  t h e  C-H2 r e a c t i o n .  
i n h i b i t i v e  e f f e c t  on t h e  h y d r o g a s i f i c a t i o n  r e a c t i o n .  
pronounced f o r  c a l c i t e .  Although it i s  d i f f i c u l t  t o  e x p l a i n  unequivocal ly  the  
i n h i b i t i v e  e f f e c t  of var ious  m i n e r a l s ,  we  sugges t  t h e  fo l lowing  reason f o r  t h e  
ob'served behavior .  
p rovid ing  a c t i v e  si tes a t  which d i s s o c i a t i o n  of r e a c t a n t  molecules can r e a d i l y  
occur  (2). 
r e a c t  with t h e  a c t i v e  carbon atoms. It is suggested t h a t  i n  t h e  c a s e  o f  t h e  
minera ls  which have an i n h i b i t i n g  e f f e c t  on char  r e a c t i v i t y  t h e  r e v e r s e  of molecular 
hydrogen d i s s o c i a t i o n  is predominant. 
on t h e  char  s u r f a c e  producing hydrogen a t o m .  
t h e  s u r f a c e  of  t h e  minera ls  r e s u l t s  i n  a r e d u c t i o n  i n  t h e  r a t e  of char  hydro- 
g a s i f i c a t i o n .  

Before CO i s  desorbed i n t o  t h e  

I t  i s  known t h a t  s u l f u r  and oxygen a r e  chemisorbed 

I l l i t e ,  gypsum, r u t i l e ,  k a o l i n i t e  and c a l c i t e  have an 
The i n h i b i t i v e  e f f e c t  is most 

Most i n o r g a n i c  i m p u r i t i e s  c a t a l y z e  carbon g a s i f i c a t i o n  by 

The d i s s o c i a t e d  s p e c i e s  then  d i f f u s e  a c r o s s  t h e  s u b s t r a t e  s u r f a c e  and 

That i s ,  H2 is d i s s o c i a t e d  a t  a c t i v e  s i tes  
Some hydrogen atom recombination on 
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UNIFICATION OF COAL CHAR GASIFICATION REACTIONS 

P. L. Walker, Jr. ,  0. P. Mahajan and Richard Yarzab 

Material Sciences Department, Pennsylvania State University 
University Park, Pennsylvania 16802 

INTRODUCTION 

In the conversion of coal chars to gaseous fuels, the four important gasifi- 
cation reactions are: 

C + O2 -+ CO and Cog 

c + cog -f 2 co 
c + H20 -f co + H2 

C + 2H2 -f CH4 
We have studied extensively in this laboratory these reactions on coal chars pro- 
duced from a complete spectrum of American coals from anthracite to lignite (1-4). 
For each reaction we have found a major increase in char reactivity with decreasing 
rank of the coal from which the char is produced. Such increase has been explained 
to be consistent with the three important parameters which control gasification 
rates of microporous chars. That is, as chars are produced from coals of decreasing 
rank under fixed conditions of charring, the concentration of carbon sites active to 
gasification increases, the accessibility of reactant gases to these active sites 
increases, and the specific activity of inorganic impurities towards catalysis of 
gasification increases. 

In calculating reactivities in the past we have used the simple expression 

where either w is the starting weight of dry, ash-free char and dwfdt is the maximum 
value found as burn-off proceeds or w represents char weights remaining at various 
values of time t and dw/dt represents slopes at corresponding times such’that R is 
found to be constant over some burn-off range. It was noted that even though there 
were major differences in char reactivity (R) as the rank of the parent coal from 
which chars were produced was changed, the shape of the burn-off versus reaction 
time plots appeared to be quite similar. If this is so,  all reactivity plots should 
be able to be normalized using an adjustable time parameter, T ,  which can convenient- 
ly be used as a measure of differences in reactivity for a wide spectrum of chars. 
This paper concerns itself with examining the feasibility of such a normalizing 
procedure. 

EXPERIMENTAL 

Char Preparation U. S .  coals varying in rank from anthracite to lignite of 40x100 
mesh size were used for the preparation of chars. 
in Table 1. 
1000°C and held for 2 hr. 
Reactivity Measurements Burn-off versus time plots were determined for various 
chars in air (1 atm) at 40S°C, C02 (1 atm) at 900°C, steam (.022 arm) at 910°C, and 
H (27.2 atm) at 980°C. Under these conditions, mass transport resistance to 
dgffusion of reactants down through the shallow bed of char particles (about 3mg) 

Information on the coals is given 
The coals were heated in a N2 atmosphere at a rate of 1O0C/min to 
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had a n e g l i g i b l e  e f f e c t  on g a s i f i c a t i o n  rates; g a s i f i c a t i o n  r a t e s  could be 
conveniently measured by weight l o s s  using TGA. 

RESULTS AND DISCUSSION 

The p r i n c i p l e  of normalizing r e a c t i v i t y  p l o t s  is shown i n  Figures  1 and 2. 
Figure 1 shows burn-off versus  time p l o t s  f o r  t h e  l i g n i t e  char ,  PSOC-91, reac ted  
i n  var ious p a r t i a l  p r e s s u r e s  of 0 a t  a t o t a l  0 -N pressure  of 1 atm. 
t h e  g a s i f i c a t i o n  r a t e  decreases  szarp ly  with decreasing 0 
shows t h a t  these  ind iv idua l  r e a c t i v i t y  p l o t s  can be w e l l  normalized using a 
dimensionless time s c a l e  such t h a t  t / T o  
0.5. Values of T 
from 61.0 min t o  94.8 min a s  t h e  percentage O2 i n  t h e  r e a c t a n t  mixture is i n -  
creased from 2 t o  21%. 

Figure 2 i s  more or  l e s s  t y p i c a l  of t h e  shape of burn-off versus  t / T  

As expected, 2 2  pressure.  Figure 2 2 

equals  one a t  a f r a c t i o n a l  burn-off of 
5 ,  or  t h e  times to  r i a c h  a f r a c t i o n a l  burn-off of 0.5, decrease 

p l o t s  
found for  a l l  chars  reac ted  i n  a l l  gases .  That is ,  a t  low values  of t / T  Oe5there 
is an increase  i n  s l o p e  of t h e  p l o t ,  a s  increases .  The p l o t  then'gzes 
through a maximum i n  s lope ,  followed by a lengthy region of slowly decreasing 
s l o p e  as f r a c t i o n a l  burn-off approaches one. Q u a l i t a t i v e l y ,  a t  t h i s  t i m e ,  p l o t s  
of th is  shape can be explained on t h e  b a s i s  of what i s  known about t h e  development 
of poros i ty  and sur face  a r e a  i n  microporous chars  as they undergo g a s i f i c a t i o n .  
Before g a s i f i c a t i o n ,  these  c h a r s  conta in  closed poros i ty ,  t h a t  i s  poros i ty  in -  
a c c e s s i b l e  even t o  helium. With t h e  onset of g a s i f i c a t i o n ,  two important phenomena 
occur: i )  enlargement o f  pores  t h a t  were open i n  t h e  unreacted char  and ii) opening 
up of closed pores. Since t h e  t o t a l  number of pores  i s  increased a s  w e l l  as t h e i r  
average rad ius ,  s p e c i f i c  pore volume and s p e c i f i c  s u r f a c e  a r e a  increase  wi th  
increas ing  carbon burn-off. 
r a p i d l y  a s  t / T  
remaining, thaF' ls  t o t a l  a r e a  remaining, increases .  
s l o p e  of t h e  burn-off versus  t / T  p l o t .  A t  some p o i n t ,  depending upon t h e  pore 
s t r u c t u r e  of t h e  ind iv idua l  char:.?alls between e x i s t i n g  pores  are g a s i f i e d  away; 
and t h e  t o t a l  number of open pores  commences t o  decrease.  This l e a d s  t o  s p e c i f i c  
pore volume and s p e c i f i c  s u r f a c e  a r e a  u l t i m a t e l y  going through maxima as burn-off 
proceeds. 
through a m a x i m u m  va lue  as burn-off proceeds. 

The s p e c i f i c  sur face  a r e a  increases  s u f f i c i e n t l y  
increases  t h a t  the  product of s p e c i f i c  a rea  and char weight 

The r e s u l t  is an increas ing  

It leads  then t o  t h e  s l o p e  of t h e  burn-off versus  t / T O e 5  p l o t  going 

This q u a l i t a t i v e  p i c t u r e  ignores  t h e  e f f e c t  which c a t a l y s i s  by inorganic  i m -  
p u r i t i e s  can have on t h e  shape of t h e  burn-off curve. For example, i f  a c a t a l y s t  
i s  i n i t i a l l y  very a c t i v e  but  a s  burn-off proceeds becomes l e s s  a c t i v e  because of 
s i n t e r i n g  o r  change i n  chemical s t a t e ,  t h e  
rate is increas ing  can be shortened or indeed removed completely. That is ,  t h e  
maximum r a t e  can be observed immediately a s  g a s i f i c a t i o n  commences. 
the  c a t a l y t i c  e f f e c t  on g a s i f i c a t i o n  is obviously overshadowing t h e  e f f e c t  of 
increase  i n  s p e c i f i c  pore  volume and s p e c i f i c  s u r f a c e  a rea .  

With these  p o i n t s  i n  mind, i t  is of i n t e r e s t  t o  see  t h e  ex ten t  t o  which one 

reg ion  over which t h e  g a s i f i c a t i o n  

I n  t h i s  case,  

equat ion,  wi th  T 
r e a c t i v i t y  d a t a  %?ained i n  t h i s  paper. 

being t h e  only a d j u s t a b l e  parameter, can unify a l l  t h e  char  

Computer c o r r e l a t i o n  of d a t a  f o r  each g a s i f i c a t i o n  medium was conducted, a s  
w e l l  a s  computer c o r r e l a t i o n  of da ta  f o r  a l l  g a s i f i c a t i o n  media. 
t i m e  da ta  f o r  a f r a c t i o n a l  burn-off up t o  0.7 were used i n  a l l  cases .  
t y  of the following equat ions t o  c o r r e l a t e  the  d a t a  w a s  t e s t e d :  
between burn-off and t / T  
t / T O  5 ,  an equation i n v o ~ d ~ g  f i r s t  and t h i r d  power terms i n  t / T  
involving f i r s t ,  second, and t h i r d  power terms i n  t / T O e 5 .  The l!ti?h equat ion gave 
t h e  b e s t  c o r r e l a t i o n  of t h e  da ta .  

Burn-off versus  

a l i n e a r  equation 
an equat ion  involving f i r s t  and second power terms in  

The s u i t a b i l i -  

and an equation 



Tables 2 and 3 summarize the results. For the char produced from coal 
PSOC-140, ten reactivity runs were made with steam. For the ten determinations, a 
95% confidence interval on the mean value of T is f0.8. Table 2 shows the wide 
variation of T 
coal from whicg'5he chars were produced changes. values for each 
reactant gas fall in the same order, but there are exceptions,Odz expected, which 
reflect the uniqueness of each reaction. 
activity of impurities for each reaction are not expected to fall in the same order. 

values found for the chars ik?*;ach reaction medium as the rank of 
Generally, T 

For example, values of specific catalytic 

Table 3 presents the best values f o r  coefficients in the cubic equations 
between fractional burn-off and t/T 
reactants. 
between burn-off and t/TOm5, can be removed by the particular cubic equation. 
is obvious that for each individual reactant and also for all reactants the 
equations given result in a high correlation of results for burn-off versus t/T 

for each reactant, as well as for all 
R2 values give how much06? the sum of variance, assuming no correlation 

It 

0.5' 

A s  discussed earlier, each char-reactant gas mixture shows some region of 
t/T0 
Thus'computer correlations were also made with the first order model, kn[l/(l - BO)] 
= k(t/T), where BO is fractional burn-off. 
Table 3. If the data perfectly obeyed the first order model, k must equal 0.69 
since t/T 
closely dkzribed, over a fractional burn-off range up to 0.7, by a first order 
equation. 
correlation is found for the C-CO reaction. 

over which the reaction rate is first order in amount of char remaining. 

These results are also summarized in 

= 1.0 at BO = 0.5. Different reactions are seen to be more or less 

A reasonably good correlation is found for the C-air reaction, and a low 
2 

The success of the cubic equation to further correlate reactivity data was 
studied for other reaction conditions. It was successful in correlating data for 
the char-steam reaction as the partial pressure of steam and reaction temperature 
were varied. 

From these studies, it is concluded that a good parameter t o  use to correlate 
char reactivity data is the time required to reach a fractional burn-off of 0.5. 
When this parameter is used, it is also shown that all of our char gasification data 
can be successfully normalized into burn-off versus t/T 
shape. 
order in weight of char remaining, it probably is des&?ble to give first order 
rate constants for each run over the particular t/T0.5 region in order to adhere 
to the more conventional treatment of kinetic data. 

plots of almost similar 
Since char reactivity runs also exhibit a t/T O'?egion where rate is first 

ACKNOWLEDGEMENT 

This research was supported by ERDA on Contract E(49-18)-2030. Professor 
W. Spackman, Jr. supplied the coals studied. 

REFERENCES 

1. Jenkins, R. G., Nandi, S .  P., and Walker, P. L., Jr., Fuel, 52, 288 (1973) 

2. Hippo, E. and Walker, P. L.,  Jr., Fuel, 3, 245 (1975). 
3 .  Tomita, A., Mahajan, 0. P., and Walker, P. L., Jr., "Reactivity of Heat- 

Treated Coals in Hydrogen", Fuel, communicated. 

Linares, A., Mahajan, 0. P., and Walker, P. L. ,  Jr., "Reactivities of Heat- 
Treated Coals in Steam", ACS Fuel Chemistry Division Preprints, New Orleans, 
March, 1977. 

4. 

9 



PSOC 
Sample No. 
89 
91 
87 
140 
138 
98 
101 
26 
22 
24 
67 
171 
4 

114 
81 
177 

TABLE 1 

ASTM Rank 
Lignite 
Lignite 
Lignite 
Lignite 
Lignite 
Sbb. A 
Sbb. C 
HVB 
HVC 
HVB 
HVB 
HVA 
HVA 
LV 
Anthracite 
Anthracite 

COALS USED TO PRODUCE CHARS 

Ash, % 
State (dry) 2 H - 

- 

TABLE 2 - T VALUES FOR GASIFICATION RUNS 0.5 
‘cOo5 for Different Reacting Gases, min 

PSOC 
Sample No. Air Steam HZ - co2 - 
89 
91 
87 
140 
138 
98 
101 
26 
22 
24 
67 
171 
4 

114 
81 
177 

TABLE 3 

React ant 

Air 
CO, 
H 6  
H2 
A h  

N.D. 11.6 63.3 4.7 
Mon. 7.7 70.7 4.9 
N.D. 8.2 71.2 5.3 
Tex . 9.4 71.7 5.2 
Tex. 10.3 74.3 5.0 

wyo. 6.1 74.8 5.1 
Ill. 10.8 77.3 5.6 
Ill. 10.1 78.8 5.8 
Ill. 11.8 80.1 5.5 
Ut. 4.8 80.4 6.1 
W.Va. 7.6 82.3 5.7 
KY. 2.1 83.8 5.8 
Pa. 9.8 88.2 4.8 
Pa. 7.8 91.9 2.6 
Pa. 4.3 93.5 2.7 

wyo . 8.4 74.3 5.8 

N 

0.48 
0.80 
0.56 
1.30 
0.37 
1.20 
0.89 
1.10 
1.60 
1.10 
1.30 
1.40 
1.60 
1.20 
0.78 
0.24 

- 
0.98 
0.30 
0.46 
0.72 
0.51 
1.1 
0.30 
2.3 
1.8 
2.3 
0.38 
1.8 
0.66 
0.62 
0.54 
0.64 

- 
14.8 
30.0 
29.6 
69.5 
66.4 
21.6 

99.0 
78.5 

121 

134 
- 
- 
- 
- 
- 

- 
10.6 
11.4 
19.6 
28.0 

13.6 

64.0 
51.0 

- 

138 

152 
260 
114 

255 
330 

- 

5.5 
5.0 

10.3 
17.0 
26.0 
7.0 

54.0 
30.0 

- 

200 

220 - 
- 
- 

270 
- 

43.5 
36.5 
24.0 
34.0 
32.0 
50.0 
37.5 
59.0 
33.5 
32.0 
34.5 
96.0 
49.0 

51.5 
126 

110 

UNIFICATION OF COAL CHAR GASIFICATION REACTIONS 

Cubic Model First Order No. of 
Chars a b C Slope R‘,% 
10 0.317 0.367 -0.182 96.0 0.756 94.1 
11 0.436 0.189 -0.122 99.2 0.728 78.4 
13 0.375 0.276 -0.148 99.1 0.761 87.4 
16 0.349 0.283 -0.144 96.6 0.693 88.6 
50 0.368 0.277 -0.147 98.2 0.727 87.5 
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THE REACTIVITY OF COAL CHARS WITH CO AT 1100-1600°C 
2 

Ralph T.  Yang and Meyer S te inberg  
Department of  Applied Science 
Brookhaven Nat iona l  Laboratory 

Upton, New York 11973 

INTRODUCTION 

Knowledge of t h e  c o a l  char  r e a c t i v i t y  i n  t h e  temperature  range 1100-16OO0C 
is of fundamental importance i n  understanding many c o a l  g a s i f i c a t i o n  and 
d i r e c t  combustion processes .  However, due t o  t h e  i n t r i c a t e  i n t e r p l a y  of t h e  
d i f f u s i o n a l  s t e p s  and t h e  chemical o r  s u r f a c e  s t e p  i n  t h i s  temperature  
range, (1) s t u d i e s  i n  t h i s  a r e a  have been r e l a t i v e l y  rare compared t o  s t u d i e s  
i n  t h e  lower temperature  range.  Recent ly ,  a d i f f u s i o n  c e l l  t echnique  has  
been developed a t  Brookhaven f o r  measuring t h e  chemical  r a t e s  i n  t h e  
d i f fus ion/chemica l  r e a c t i o n  combined-controlled r e g i o n  and the  technique  
has  been appl ied  t o  s t u d i e s  of  t h e  k i n e t i c s  of t h e  r e a c t i o n s  between CO 
and a nuc lear  g r a p h i t e  i n  t h e  temperature  range of 1200-1600"C(2) 
paper ,  w e  wish t o  r e p o r t  t h e  i n i t i a l  r e s u l t s  of t h e  k i n e t i c s  of t h e  same 
r e a c t i o n  a t  a t o t a l  p r e s s u r e  of 1 atm us ing  c o a l  c h a r s  of vary ing  rank.  

I n  tzis 

EXPERIMENTAL 

Apparatus 

The apparatus  and t h e  gas  flow system are e s s e n t i a l l y  t h e  same as 
descr ibed  previous ly , (2)  except  t h a t  t h e  f low system w a s  b u i l t  on a Cahn- 
RlOO nul l - type  ba lance  i n s t e a d  of a Mettler TA-1 ba lance .  This  r e a c t o r  
system i s  c a  a b l e  of 170OOC and 15 atm o r  h igher  pressures  and i s  descr ibed  
elsewhere.(3P It would s u f f i c e  i n  t h i s  r e p o r t  t o  n o t e  t h a t  t h e  alumina 
d i f f u s i o n  c e l l  had a dimension of 1 6  x 24 (diameter  and length)  and t h e  gas 
f low w a s  downward and a t  t h e  same flow rate a s  i n  t h e  previous work.(Z) 

Sample Mater ia l s  and Prepara t ion  

The c o a l  samples used were: 

Pennsylvania  Anthrac i te ,  
I l l i n o i s  No. 6 Bituminous ,and 
Montana (Rosebud) L i g n i t e ,  

a l l  kindly suppl ied  by t h e  P i t t s b u r g h  Energy Research Center .  
w e r e  carbonized i n  N2 a t  1000°C f o r  16 h r s  and subsequent ly  ground and 
s ieved  t o  t h e  s i z e  range of 590-840 microns which was t h e  s i z e  used through- 
o u t  t h i s  work. A demineral ized Montana L i g n i t e  sample w a s  a l s o  prepared by 
leaching  t h e  sample i n  a combined a c i d  s o l u t i o n  (6.2 M H C 1  and 7.4 MHF) 
a t  50'C f o r  48 h r s .  The leached sample was r i n s e d  thoroughly and d r i e d  
and was then  carbonized and s i z e d .  

The samples 
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DATA TREATMENT 

The chemical rates were c a l c u l a t e d  by using t h e  fol lowing s o l u t i o n  of 
t h e  b inary-d i f fus ion  equat ion  f o r  t h e  d i f f u s i o n  c e l l :  

where R is t h e  o v e r a l l  rate o r  t h e  mass f l u x  which was measured gravi -  
m e t r i c a l l y ;  C t h e  molar c o n c e n t r a t i o n  of t h e  d i f f u s i o n  gases ;  D t h e  
approximate b inary-d i f fus ion  c o e f f i c i e n t ;  (1 t h e  p a t h  l e n g t h  and Pco t h e  
p a r t i a l  p ressure  of C02 i n  t h e  b u l k  stream. 
t h e  Langmuir-Hinshelwood r a t e  express ion  and is def ined  by: 

kl is t h e  r a t e  c o n s t a n t 2 i n  

R = k,  P a t  t h e  s u r f a c e  ( o r  (1 = 0) (2) con 
Deta i led  d i s c u s s i o n  of these  equat ions  and t h e  c a l c u l a t i o n  of D i n  the  

temperature  range be ing  s t u d i e d  can be found i n  r e f e r e n c e  ( 2 ) .  The va lue  
of kl c a l c u l a t e d  with equat ion  ( 1 ) i s  i n  g e n e r a l  2-4% higher  than t h a t  
c a l c u l a t e d  b using t h e  s o l u t i o n s  of  t h e  exac t  multi-component d i f f u s i o n  
equations.(’Y A l s o ,  k i s  based on per u n i t , a r e a  of t h e  c r o s s  s e c t i o n  of 
t h e  d i f f u s i o n  c e l l .  
of t h e  r e a c t i o n  zone i n  t h e  p a r t i c l e s  can a l s o  be found i n  r e f e r e n c e s  
(2) and (8). 

Discussion of t h e  usage of t h i s  u n i t  and t h e  depth 

RESULTS AND DISCUSSION 

The rate cons tan t  k c a l c u l a t e d  from equat ion  (1)  r e p r e s e n t s  t h e  
i n t r i n s i c  chemical r e a c t i v i t y  of t h e  carbon s u r f a c e .  
series of measurements of R a L  vdrying PCOn were f i r s t  made, a l i n e a r  p l o t  
of R v s  log  (1 + Pco2) was then obta ined  and k 

To o b t a i n  kl, a 

w a s  c a l c u l a t e d  from t h i s  
p l o t  according t o  equat ion  ( 1 ) .  v a r i e d  wi th  t h e  percentage  
carbon burn-off and i n  t h i s  work, t h e  va lue  of w a s  t aken  i n  t h e  burn-off 
range of 20-40%. 

The va lue  of  & 

I n  Figure 1, t h e  f i r s t  k i n e t i c  d a t a  are summarized f o r  t h e  t h r e e  c o a l  
samples and t h e  leached l i g n i t e  a t  s e l e c t e d  temperature?.  The most 
prominent f e a t u r e  i n  t h i s  f i g u r e  i s  the  peaking ( o r  p l a t e a u i n g )  of t h e  
rate cons tan t  a t  varying temperatures .  Except f o r  t h e  a n t h r a c i t e ,  t h e  peak 
temperatures  are too low t o  be r e l a t e d  t o  t h e  well-known peaking phenomenon 
of  t h e  r e a c t i v i t y  of graphi te . (2-6)  However, a n  e x c e l l e n t  match can  be  
obtained between t h e  peak temperature  and t h e  temperature  range  f o r  mel t ing  
of t h e  ash .  The t h r e e  c o a l  samples present  a wide range  of  t h e  a s h  mel t ing  
temperatures .  The a s h  s o f t e n i n g  temperatures  ( suppl ied  by t h e  P i t t s b u r g h  
Energy Research Center)  and t h e  a s h  conten t  i n  t h e  c h a r s  (average v a l u e  of 
a t  least t h r e e  samples) are shown i n  Table 1. The k measured f o r  t h e  
leached Montana J i g n i t e  showed t h a t  the  peaking (or  p l a t e a u i n g )  does n o t  1 
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occur  around 1200°C. This  r e s u l t  i n d i c a t e s  t h a t  t h e  match between t h e  peak 
temperature and t h e  ash  mel t ing  temperature  i s  not c o i n c i d e n t a l .  

Below t h e  peaking tempera tures ,  t h e  r e a c t i v i t y  of t h e  char  obeyed t h e  
genera l  r u l e ;  l i g n i t e  > bituminous > a n t h r a c i t e .  This  a s p e c t  has  been 
discussed by Walker and Hippo. (7) A t  h igher  tempera tures ,  t h i s  r u l e  can 
no longer be a p p l i e d ,  as shown i n  F igure  1. For example, t h e  r e a c t i v i t y  
01 the  I l l i n o i s  No. G bituminous c o a l  char  i s  about  twice a s  t h a t  of t h e  
l i g n i t e  a t  1400°C and t h e  r e a c t i v i t y  of t h e  a n t h r a c i t e  can a l s o  exceed 
t h a t  of t h e  l i g n i t e  a t  about  1500°C. Peaking o f  t h e  r e a c t i v i t y  o€ t h e  
a n t h r a c i t e  char  may be a t t r i b u t a b l e  t o  t h e  peaking phenomenon due t o  
carbon alone.  (2-6) The s l i g h t  p l a t e a u i n g  of t h e  rate of t h e  leached 
sample a t  above 13OOOC was probably due t o  t h e  r e s i d u a l  ash  i n  char .  

An a t tempt  w a s  a l s o  made t o  e l u c i d a t e  t h e  r e l a t i o n s h i p  between t h e  
r e a c t i v i t y  and t h e  mel t ing  of  t h e  m i n e r a l s  by measuring t h e  s u r f a c e  areas 
of the  samples hea t - t rea ted  a t  above and below the  a s h  mel t ing  temperature .  
The r e s u l t s  a r e  shown i n  Table  1. 
measured i s  a t o t a l  s u r f a c e  area of t h e  carbon and t h e  minera ls .  Thus, 
t h e  r e s u l t s  of  t h e  s u r f a c e  a r e a  measurements do not  c o n t r i b u t e  t o  t h e  
propos i t ion  t h a t  t h e  molten m i n e r a l s  could f low i n  t h e  micro-s t ruc ture ;  
covering t h e  s u r f a c e  si tes as w e l l  as blocking the  a c c e s s i b l e  pores .  
Nevertheless ,  t h i s  phenomenon is  be ing  f u r t h e r  i n v e s t i g a t e d  i n  our l a b o r a t o r y .  

Unfor tuna te ly ,  t h e  s u r f a c e  area 

L 
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Table 1. A s h  content and softening temperature 

Char Ash Content, % of Char Softening Temp., OC 

Pa. Anthracite 5 > 1600 

Ill. No. 6 Bitum. 17 1350 

- 

Montana Lignite 21 1200 

-_ Leached Lignite 2.4 

Table 2. BET N surface area of Montana lignite chars 2 

Treatment surface -ea, m2/g 

carbonized at 1000°C' 11.9 

leached and carbonized 
at 10000~ 20.2 

carbonized at 140OOC 38.4 

leached and carbonized 
at 140OOC 28.5 
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Figure  1. Rate  c o n s t a n t  v s  temperature  f o r  the  fol lowing c h a r s :  
Pa. A n t h r a c i t e  ( A ) ,  I l l i n o i s  No. 6 Bituminous ( O ) ,  Montana 
L i g n i t e  (0) , and leached Montana L i g n i t e  ( 9 ) .  
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KINETICS OF INITIAL COAL HYDROGASIFICATION STAGES 

James L. Johnson 

Institute of Gas Technology 
3424 South State Street  
Chicago, Illinois 60616 

INTROC ICTION 

For  the last 15 years  a strong incentive has existed i n  the United States to de- 
velop the technology fo r  commercial  gasification of coals to  yield high-methane- 
content gas suitable a s  a substitute for  natural g a s .  
derived from the  many experimental studies conducted is that the yield of light 
gaseous hydrocarbons, obtained during initial coal heat-up and for very short  
periods thereafter, plays an important role in affecting the overall performances 
and thermal efficiencies of any gasification process. It i s  during this initial gasi-  
fication stage that coals undergo devolatilization reactions leading to the formation 
of carbon oxides, water,  oils and t a r s ,  and, mos t  importantly, significant quantities 
of light hydrocarbons - particularly methane - in the presence of hydrogen a t  
elevated pressures .  Since, however, the exceptionally high reactivity most coals 
exhibit for methane formation during initial reaction stages is transient,  existing 
only for  a period of seconds a t  higher temperatures,  rational design of commercial  
sys tems to optimize methane yields requires a s  detailed a kinetic characterization 
of pertinent processes occurring a s  i s  possible. 

One of the general  conclusions 

Because of i ts  importance, this reaction has been studied in a variety of experi- 
mental  investigations using fixed beds (1, 2 ,  8-12, 17) .  fluidized beds (3, 4, 12, 
17), and dilute solid-phase systems (5-7, 13-16, 19, 20).  In spite of the extensive 
amount of information obtained f rom these studies,  however, p r imary  emphasis in  
the development of kinetic correlations has  been placed on description of the total 
methane yields obtained after relative deactivation of coal solids has  occurred 
ra ther  than on the more  detailed behavior occurring during the transient period of 
"rapid- rate" methane formation. 

An experimental study was therefore initiated at the Institute of Gas Technology 
(IGT) to  supplement existing information, with the objective of quantitatively 
characterizing intermediate reaction processes occurring pr ior  to completion of 
the rapid-rate methane-formation reaction. 
main results obtained thus f a r  in  our study of the gasification kinetics of low-rank 
coals in  hydrogen, helium, and hydrogen-helium mixtures. The kinetic models 
developed to describe l ight  gaseous hydrocarbon formation during initial reaction 
stages of the coals tested a r e  a l so  described and applied to selected resul ts  ob- 
tained in other studies directed toward gasification of high-volatile bituminous 
coals. 

This paper discusses some of the 

EXPERIMENTAL 

A schematic diagram of the experimental apparatus used in the study i s  shown 
The in Figure 1; the details of this system have been described previously (13). 

main component of the system i s  a 1.6-mm internal diameter,  60-m long, helical  
coiled transport  reactor. 
with electrodes attached along the length of the coil to provide nine independent 

The reactor tube itself se rves  a s  the heating element 
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heating zones. 
profiles along the length of the reac tor  tube that correspond to the desired constant 
heat-up rates  of gas-solids mixtures passing through the tube. 
a l so  be operated isothermally. 
mixed with feed gases  a t  the top of the reactor coil, and the dilute gas-solids 
mixture (less than 0. 1 % solids by volume) passes through the reactor coil a t  
temperatures very close to those imposed on the reactor wall. 
duced is  collected in a sintered meta l  f i l ter  heated to  300°C for subsequent 
solids analyses. 
water and condensable hydrocarbons. The dry gas i s  analyzed with a mass  
spectrograph (periodic samples) for major gaseous species and, in  some tests ,  
with a flame ionization detector for the concentration of total carbon in  hydro- 
carbon species. 

This unique feature permits the establishment of temperature 

The reactor can 
Coal particles (0.074 t o  0.089-mm diameter) a r e  

The char pro- 

The gas  then passes  through a condenser system to collect 

Steady-state conditions a r e  achieved in less  than 1 minute after initiation of 
gas and coal flows, and sufficiently la rge  gas/solid feed ratios a r e  employed to 
resu l t  in l e s s  than 5% dilution of the dry  exit gas with reaction products. 
the partial  p ressures  of feed-gas components remain essentially constant through- 
out the reactor tube. 
monoxide (CO). carbon dioxide (CO,), hydrogen (H,), methane (CH,), and ethane 
(C,H,). 
four-carbon aliphatics and possibly some ethylene, were not usually accurately 
measured with the m a s s  spectrograph due to  the low concentrations present. 
The total carbon in this species group, re fer red  to a s  C,t, was determined by 
difference - tha t  i s ,  by subtracting the carbon in methane and ethane f rom the 
total carbon in gaseous hydrocarbon species determined by flame ionization 
detection. 
recover in the laboratory-scale equipment due to the relatively small  quantities 
available. 
condensable oils and t a r s  by a carbon balance. 

Thus, 

The main gaseous products measured include carbon 

Other noncondensable gaseous hydrocarbons, particularly three- and 

Condensable liquid products were a l so  difficult to  quantitatively 

Product water was therefore  determined by an oxygen balance and 

TYPICAL RESULTS 

The gasification kinetics of three low-rank coals - Montana lignite, Montana 
subbituminous coal, and North Dakota lignite - were  investigated. The composi- 
tions of these three coals a r e  given i n  Table 1, which a l so  includes compositions 
of several  other coals re fer red  to  in this paper. 

Figure 2 shows some typical product yields obtained f o r  gasification of Montana 
lignite in hydrogen a t  35 a t m  under conditions of a constant heat-up rate  of 30"C/s. 
With this lignite, devolatilization initiates a t  some temperature below 500°C. 
Coal oxygen is  evolved pr imar i ly  as  carbon dioxide, carbon monoxide, and water, 
with a small amount being observed i n  phenolic oils. 
occurs below 500°C. apparently resulting f rom decomposition of carboxyl 
functional groups. 
evolution of both carbon dioxide and water ,  with total available coal oxygen evolu- 
tion being completed a t  about 700°C. 
Although carbon dioxide yields begin decreasing above 650°C, this i s  due solely 
to the secondary reaction - 

Carbon dioxide evolution 

Decomposition of other oxygenated functional groups leads to 

This i s  shown more clearly in  Figure 3. 

CO, t H, - GO + H,O 

occurring in the reactor coil, probably catalyzed by the reactor walls. 
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Oil and t a r  as  well a s  C t aseous hydrocarbon evolution occurs below 550°C. 

Total yields of oil and t a r  remain relatively constant 

? g  C,t gaseous hydrocarbon yields decrease ,  however, above 650°C due to hydrogena- 
tion to methane and ethane. 
up to  850"C, although the composition of this fraction changes substantially with 
increasing temperature,  becoming lighter in  nature. Conversion of heavier oils 
to  benzene initiates a t  about 650°C, and, a t  850"C, approximately one-half of the 
total oi l / tar  fraction consists of benzene. 

Methane-plus-ethane yields* increase continuously with increasing temperature, 
with rates of formation becoming substantial above 600°C. 
primary devolatilization processes  a r e  virtually completed, gasification of the 
intermediate coal s t ruc ture  (semi-char) is the pr imary  reaction that occurs 
concurrently with the secondary devolatilization of coal hydrogen, leading to  the 
formation of relatively nonreactive coal char. 
significantly with increasing hydrogen pressure ,  a s  shown in Figure 4. 
contrasts with the kinetics of evolution of pr imary  devolatilization products, which 
depend for the most pa r t  on t ime-temperature history and not on gas composition 
or pressure  over the ranges of these  variables employed. 

Above 700°C, when 

Methane-plus-ethane yields increase 
This 

The main qualitative features exhibited for gasification of Montana lignite in 
hydrogen a t  a heat-up rate of 3 0 " C / s  were a l so  observed for the other coals tested 
and for other t ime-temperature histories.  
temperature curves such a s  those shown in Figure 2 a r e  shifted somewhat toward 
higher temperatures a t  an increased heating r a t e  of 80°C/s  and a r e  shifted toward 
lower temperatures for isothermal operation with a gas-solids residence time of 
7 seconds. 
products (carbon dioxide, carbon monoxide, water, oils and t a r s ,  and C , t  gaseous 
hydrocarbons) that can be achieved at sufficiently high temperatures appear to 
depend solely on coal type ra ther  than on pressure ,  gas composition, or t ime- 
temperature history. 
coals. 
ticularly with respect to maximum oi l  and t a r  yields, which tend to increase with 
increased heat-up r a t e ,  decreased coal-particle size,  and decreased total pressure.  

A s  would be expected, yield-versus- 

Significantly, however, the maximum yields of pr imary  devolatilization 

This behavior is  probably typical only of noncaking low- rank 
W i t h  caking bituminous coals different behavior would be expected, pa r -  

DATA ANALYSIS 

A pr imary  objective of this investigation i s  to quantitatively describe the kinetics 
of the initial-stage methane-plus-ethane formation for different coals as  a function 
of hydrogen partial  p ressure  and coa l  t ime-temperature history. 
plus-ethane yields obtained in the gasification of coals with hydrogen result 
primarily f rom three overall reaction processes:  d i rec t  coal hydrogenation, 
thermally activated coal-decomposition reactions, and secondary hydrogenation of 
C,t gaseous hydrocarbons. 
by hydrogenation of light oils such as benzene, these reactions should not occur 
significantly a t  the conditions employed in this study (18). 

The total methane- 

Although some methane and ethane could also be  formed 

* 
Methane and ethane yields a r e  grouped together since i t  has  been previously 
shown (1 3) to  be likely that, after initial devolatilization, both species a r e  
direct products of hydrogen gasification of the coal. 
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Methane and Ethane F rom Coal-Decomposition and Secondary 
Hydrogenation Reactions 

In order  to isolate the kinetics of direct  coal hydrogenation, i t  i s  necessary to 
determine the contributions of coal-decomposition reactions and secondary 
hydrogenation reactions to total methane -plus - ethane yields. 
approach to such evaluations would be  extraordinarily complex, i f  practically 
possible a t  all ,  simplifying approximations and assumptions were  made to obtain 
f i r s t -order  estimates. Figure 5 shows methane-plus-ethane yields obtained for  
gasification of Montana lignite in helium at  35 a tm for  a constant heat-up rate of 
30°C/s ,  and for isothermal operation with a coal-gas residence time of 7 seconds. 
Based on these data, the methane-plus-ethane obtained f rom coal decomposition 
was assumed to  occur in two stages: below 600°C a fixed fraction is instantaneously 
evolved, and, above this temperature,  yields increase l inearly with increasing 
temperature up to  780°C when conversion i s  complete. 
kinetics of this reaction a r e  independent of coal residence t ime implies a wide 
distribution of activation energies for the decomposition steps leading to methane- 
plus-ethane formation. 
reaction in a helium atmosphere a l so  apply in a hydrogen atmosphere. 

Since a fundamental 

The assumption that the 

It was also assumed that the kinetics of this decomposition 

Figure 6 shows yields of C,t gaseous hydrocarbons obtained in hydrogen and in 
helium for gasification of Montana lignite a t  a coal heat-up rate  of 30"C/s.  
helium the C,t hydrocarbons initially formed do not undergo pyrolysis a t  higher 
temperatures up to 810"C, whereas, in hydrogen the yield of this fraction begins 
to decrease above about 600°C due to hydrogenation t o  methane and ethane. The 
overall hydrogenation reactions occurring were  assumed to  be  equivalent to a 
single f i r s t -order  reaction: 

In 

k4 
C 3 t  gaseous hydrocarbons -> methane-plusrethane 

The complete correlation to describe methane-plus-ethane formation from coal 
thermal decomposition and hydrogenation of C 3 t  hydrocarbons has the following form: 

N = N o  [Q'X! t Q"X" f ~ " ' X f l '  1 1) 

where, 

X '  

X" 

X I , '  

NO 

N 

Q' 9 0' ' , Q' ' ' 

conversion fraction of thermal  decomposition reactions below 600°C 

conversion fraction of thermal  decomposition reactions above 600°C 

conversion fraction of C 3 t  hydrogenation reactions 

total carbon in  methane-plus-ethane that can be formed from 
thermal decomposition and C,t hydrogenation reactions, 
g-atom/g-atom feed carbon in coal 

carbon in methane-plus-ethane formed f rom thermal decomposition 
and C,t hydrogenation reactions a t  any t ime, g-atom/g-atom feed 
carbon in coal 

coefficients defining the distribution of carbon that can be converted 
to methane-plus-ethane f r o m  the three  reactant groups considered. 
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Based on data obtained with the three low-rank coals used in this study, and on 
some limited data available in the l i terature  for  gasification of a bituminous coal in 
hydrogen, the following numerical evaluations were made: 

a' = 0 . 2  
a" = 0.3 
a"' = 0.5 

lignite 
subbituminous coal 
bituminous coal 

/ 

X' = 1.0 

X" = 0 at  T<  873°K 

No, g-atom carbon/g-atom 
feed carbon in coal 

0.05 
0.08 
0.10 

X" = 0.00555T - 4.845 for 873" 5 T i 1053°K 

X" = 1.0 for T > 1053°K 

and, 

- -  - k,(l - X"')  dX"' 
dB 

k, = 1.7(104)exp(-11,830/T), s - l  

where,  

T = temperature;  "K in Equations 2 and 3 

8 = t ime, s. 

3) 

Although the model described above is  much oversimplified, i t  does provide an 
approximate bas i s  consistent with the data obtained to numerically adjust methane- 
plus-ethane yields to correspond only to direct  coal hydrogenation. 

Kinetics of Direct Coal Hydrogenation 

In a previous paper (13), a model was proposed to  describe the kinetics of the 
initial stages of direct  coal hydrogenation, based only on data obtained with 
Montana lignite and using a different method to  adjust methane-plus-ethane yields 
than is  described above. 
data available a t  the present t ime, using the same model assumed previously but 
with modified and more  generally applicable evaluations of kinetic parameters.  

These data were reevaluated in the context of a l l  the 

A main feature leading to the development of the model is the strong correlation 
that exists between adjusted methane-plus-ethane yields and coal hydrogen evolu- 
tion during the secondary devolatilization stage. 
Figure 7 where,  a t  constant hydrogen partial  p re s su re ,  methane-plus-ethane yields 
a r e  directly proportional to the secondary coal hydrogen evolved, independent of 
t ime-temperature history. 
level cannot be differentiated for the different coals considered. 
lines drawn in Figure 7 increase  with increasing hydrogen p res su re ,  consistent 

This behavior i s  shown in 

Conveniently, the trends exhibited at  a specific pressure 
The slopes of the 
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with qualitative observations made in other investigations of the rapid-rate 
methane phenomenon. 

Variations in coal hydrogen evolution with increasing temperature a r e  de- 
scribed i n  Figure 8. For a given t ime-temperature history the amount of coal 
hydrogen evolved i s  essentially independent of gaseous hydrogen p res su re ,  and 
the results obtained with Montana lignite (Figure 8A) show similar behavior in - both helium and hydrogen atmospheres. 

The results given in  Figures 7 and 8 suggest that the formation of active si tes,  
which promote methane-plus-ethane formation through interaction of gaseous 
hydrogen with the coal, is directly related to the processes in which coal hydro- 
gen is  evolved; this latter process involves only thermally activated phenomena 
occurring independently of gaseous atmosphere and dependent only on time- 
temperature history. A formal representation of this model is given by the 
following reactions: 

* > CH Reaction I) kO 

Y 
CH; 

semi- char (thermally activated coal active-intermediate 
hydrogen evolution) 

(1 - m)CHo 
Y / inactive char 

CH" 
Y 

\m[zCH,  (gaseous k2 tv C2HL] 
hydrogen) 

Reaction 11) 

where,  

= 

= 

atomic ratio of hydrogen to carbon in  CHo 

atomic ratio of hydrogen to carbon in CH' and CHo 
Y Y 

X 
X 

Y 

Z = fraction of carbon gasified a s  methane in  Reaction I1 

ko,k,,k2 = f i r s t -order  rate constants, s - '  

m = k2/(k, t k2). 

F o r  purposes of quantitative correlation the following definitions a r e  made: 

Y = total carbon in  adjusted methane-plus -ethane yields, 
g-atom/g-atom feed carbon 

total coal hydrogen gasified at  any t ime, g-atom/g-atom 
feed carbon 

total coal hydrogen gasified during pr imary  devolatilization, 

= 
"H 

= nR g-atom/g-atom feed carbon 

x = fraction of total feed carbon not evolved a s  pr imary  devolatilization 
products (closely related to fixed carbon),  g-atom/g-atom feed carbon. 
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With this model the rate of Reaction I is assumed to be limiting, with the rate of 
Reaction I1 being very fast. 
independent. 
CH; t o  active-intermediate CH" can  be expressed by the relationship: 

In addition the ratio k,/k, i s  assumed to be temperature- 
From these definitions the conversion fraction, f ,  of the semi-char 

Y 

f = Y/mX = (% - n&)/(x - y -+ my) X 4) 

F r o m  Equation 4 the methane-plus-ethane yield, Y, i s  related to  coal hydrogen 
evolved by: 

where,  

m 7) 
x -  y t my) S'7 

Equation 6 i s  consistent with the trends given in Figure 7. 
lines drawn in Figure 7 a r e  tabulated in Table 2, and the value of 
f rom Figure 7 is about 0. 27, corresponding to the value of coal 'hydrogen 
evolved due to pr imary  devolatilization reactions. 

The slopes, S, of the 
estimated 

The following independent relationship a l so  results f rom the model assumed: 

Y ( l / S - Z )  = X ( x - Z )  8 )  

where, 

Z = the atomic hydrogen-to-carbon ratio i n  the coal a t  any time 
during gasification 

Table 2.  VARIATION IN S WITH HYDROGEN PRESSURE 

Hydrogen P res su re ,  S ,  
a tm g-atom carbon/g-atom hydrogen 

18 0 .24  
35 0.41 
52 0 . 5 6  

Using values of S given in  Table 2 ,  a t  appropriate hydrogen pressures ,  values of 
the te rm Y(l/S - Z )  were plotted versus  2 for  the three coals tested and for the 
bituminous coal study to yield values of X and X. A value of h = 0.80 was appli- 
cable f o r  a l l  the coals considered. A value of x = 0.65, obtained for  the 
bituminous coal, was slightly higher than a value of x = 0.62, obtained for  the 
two lignites and the subbituminous coal. 
were computed a s  a function of p re s su re  by rearranging Equation 7 :  

With these evaluations, values of m 

m=- 
1 - s y  9) 

with a value of y = 0.10 assumed a s  a nominal average value based on gasification 
data obtained with different coals a t  elevated temperatures for extended times. 

24 



Values of m and corresponding values of kz/k, a r e  given i n  Table 3, and values 
of k,/kl a r e  plotted versus  hydrogen pressure  in  Figure 9. 
ship shown in Figure 9 is represented by the equation: 

The linear relation- 

k,/k, = 0. 0083PH 10) 

where, 

PH = hydrogen partial  p ressure ,  atm. 

Table 3. VARIATION O F  m AND k,/k, WITH HYDROGEN PRESSURE 

Hydrogen P res su re ,  
a t m  m kJk, 

18 
35 
52  

0.127 0.145 
0.225 0.290 
0.307 0.443 

From the evaluations made, the adjusted methane-plus -ethane yield i s  related 
to  the conversion fraction, f ,  of the semi-char by the relationship: 

0. 00664PH 

Y = d f = l  t0 .0083PH ' 

In analyzing the kinetics of Reaction I to quantitatively define the functional de- 
pendence of f on reaction conditions, the same model described in a previous 
paper was adopted. The main assumptions of this model a r e  a s  follows: 

CH; reacts according to Reaction I by a f i r s t -order  process ,  but where there 
i s  

The distribution function of activation energies is a constant; i. e.,  f(E)dE = 
fraction of total carbon in which the activation energy, E, in the rate constant - 

a distribution of activation energies for the f i r s t -order  rate constant, k,. 

k, = k: exp (-E / RT) 

is between E and (E t dE).  

where, 

f(E) = 0 for E C E, 

f(E) = C (constant) for Eo i E i E, 

f(E) = 0 for E > E, 

k: = pre-exponential factor,  5 - l  

Note that because - 

JE1 C d E =  1 
EO 

then - 
C = l / (E1 - Eo) 
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From these assumptions, the average conversion fraction of CHo can be expressed 
by the following relationship for any t ime-temperature history: 

Statistical procedures were used t o  evaluate the parameters  k:, E,, and E, given 
below, based on best  consistency of experimental values of f computed f rom 
Equation 4 and calculated values of f computed f rom Equation 12 for the appropriate 
t ime-temperature history: 

kz = 1.97(10-10), s-l 

E, = 40.8 kcal/g-mol 

E, = 62.9 kcal/g-mol. 

A comparison between experimental and calculated values of f i s  given in Figure 
10. 
calculated f rom the models and numerical  evaluations presented in this paper i s  
given in Figure 11. 

A comparison of experimental total methane-plus-ethane yields and values 

Although it may be tempting to consider theoretical  implications concerning the 
detailed mechanisms of coal hydrogen evolution during secondary devolatilization, 
based on the values of k,, E,, and E, g,iven above, such considerations should be 
made cautiously. Because of the sensitivity of these evaluations to the statistical 
numerical procedures employed, and because of the strong covariance between 
these parameters ,  significantly different evaluations can be made to reasonably 
describe data obtained over a wide range of conditions. This point i s  illustrated 
in Figure 1 2 ,  where variations in values of conversion, f ,  that were  calculated 
using values of the kinetic pa rame te r s  determined in this study a r e  compared to 
values o f f  calculated using a significantly different s e t  that nevertheless de- 
scribes the same data quite well. 
t imes ranging f rom 1 to  10 seconds,  which represent the range of conditions 
most commonly employed in various investigations of initial coal gasification 
kinetics. 
of differences in evaluation of kinetic parameters  that could occur in  describing 
data obtained over a wide range of residence t imes and temperatures for iso- 
thermal conditions. Much g rea t e r  ranges of estimates could result ,  however, 
in describing conversions obtained a t  a single residence t ime over a wide range 
of temperatures,  or ,  alternatively, a t  a single temperature over a wide range of 
residence times. Thus, although the model proposed does suggest a mechanistic 
relationship between coal hydrogen evolution and active site formation for coal 
hydrogenation, the numerical  evaluations made to  facilitate practical  application 
of the information obtained f o r  reac tor  design do not provide a substantial basis 
f o r  a more detailed mechanistic understanding. 

This i s  particularly true fo r  coal residence 

The illustration in Figure 12 was constructed to show the magnitude 

Application of Model to  Bituminous Coal Gasification 

The experimental study described has  been limited t o  use of low-rank coals to 
minimize plugging of the small-diameter reactor tube employed. 
however, t o  make an approximate analysis of some data obtained in other investi- 
gations concerned with gasification of high-volatile bituminous coals in 

It was of interest, 
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hydrogen-containing gases to. obtain an indication of the possible applicability of 
the model developed to  describe behavior with bituminous coals. 
yields of methane-plus-ethane obtained in a variety of studies conducted over a 
wide range of conditions. Indicated values of coal and gas residence times and 
hydrogen partial p re s su res  were either reported directly o r  were deduced f rom 
other reported information. 
corresponds to the product gas. F o r  systems where significant conversion of 
the feed gas occurs,  which i s  the case  in most of the sys tems considered, this 
representation assumes  substantial backmixing in the gasification reactor.  In 
a l l  of the studies, either hydrogen or hydrogen-methane mixtures were  used a s  
feed gases. The analyses of the feed coals used in  the various studies a r e  
included in Table 1. 

Figure 13 shows 

The hydrogen partial  p re s su re  used for  correlation 

In interpreting the data given in Figure 13 ,  the model developed in this study 
was assumed. 
should vary with hydrogen p res su re  according to the expression: 

According to this model, experimental values of the function m 

13) 

Values of m were computed f r o m  experimental values of adjusted methane-plus- 
ethane yield, Y,  using the expression: 

m =  Y I X f  

where X = 0.80. 
from Equation 1 f rom the experimental values of total methane-plus-ethane yield. 
Evaluations of N were  made for the appropriate reported gas-solids residence 
times and reaction temperatures,  using a value of No = 0. 10, estimated for 
bituminous coal. 
k:, E,,, and E, developed in  this study), a l so  a t  the reported reaction conditions. 

Values of Y were computed by subtracting the values of N computed 

Values of f were computed using Equation 9 (with values of 

In Figure 14, the values of m computed f rom experimental results obtained with 
bituminous coals a r e  compared to Equation 13. F o r  hydrogen partial  p re s su res  up 
to about 120 atm, reasonable consistency exists,  suggesting that the model de- 
veloped is  applicable for gasification of bituminous coals a s  well a s  for gasification 
of subbituminous coals and lignites. 

SUMMARY 

The results obtained i n  this study indicate that the initial gasification of low-rank 
coals in hydrogen-containing gases a t  elevated p res su res  occurs in two stages. 
The f i rs t  stage involves thermally activated devolatilization reactions resulting 
in the evolution of carbon oxides, water,  oil and t a r ,  and some light gaseous 
hydrocarbons, and leading to  the formation of an intermediate semi-char.  The 
second stage occurs consecutive to pr imary  devolatilization and involves 
thermally activated decomposition reactions associated with the secondary de- 
volatilization of remaining coal hydrogen, leading to the formation of a relatively 
nonreactive char. Significantly, yields of methane-plus-ethane, other than that 
derived f rom thermal coal-decomposition reactions o r  f rom C,+ light hydrocarbon 
hydrogenation reactions ,' a r e  stoichiometrically related to  coal hydrogen evolved 
during the secondary devolatilization stage. 
the transitions that occur in conversion of semi-char to char ,  with associated 
coal hydrogen evo?ution, involve the formation of a reactive intermediate carbon 

This has suggested a model in which 
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st ructure  that can either rapidly reac t  with gaseous hydrogen to fo rm methane and 
ethane or can convert to  nonreactive char. The rat io  of methane-plus-ethane 
formation to char formation is independent of temperature  but is directly pro- 
portional t o  hydrogen par t ia l  p ressure .  

A numerical representation of this model permi ts  detailed prediction of the 
kinetics of methane-plus-ethane formation for pract ical  application to reactor 
design for  systems using low-rank coals. A strong possibility that this model 
might a lso be suitable for  application t o  gasification of high-volatile bituminous 
coal was also suggested, based on analyses of some available data  obtained in 
other investigations. 
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B a t t e l l e ,  Columbus Labora to r i e s  
505 King Avenue, Columbus, Ohio 43201 

K .  Woodcock and F. Witmer 

Energy Research and  Development Admin i s t r a t ion  
Washington, D.C. 20545 

INTRODUCTION 

B a t t e l l e ' s  Columbus L a b o r a t o r i e s  is  developing  new approaches t o  g a s i f i c a t i o n  of 
c o a l ,  wi th  ERDA sponsorsh ip ,  u s ing  known g a s i f i c a t i o n  c a t a l y s t s  t h a t  a r e  chemica l ly  
incorpora ted  i n t o  t h e  c o a l .  The chemica l  i nco rpora t ion  of  a c a t a l y s t  i s  achieved  by 
t r e a t i n g  t h e  c o a l  w i th  t h e  c a t a l y s t  and water  a t  e l e v a t e d  tempera tures  and p res su res ,  
u s u a l l y  i n  t h e  presence  of an  aqueous a l k a l i  s o l u t i o n .  The p rocess  is a mod i f i ca t ion  
of t h e  p ropr i e t a ry  Hydrothermal Coal P rocess  f o r  reducing  t h e  s u l f u r  con ten t  of 
c o a l  (1). 

E a r l i e r  work on chemical i n c o r p o r a t i o n  of g a s i f i c a t i o n  c a t a l y s t s  was done wi th  
in-house funds us ing  the  "so-ca l led"  power-plant g r ind  o r  70 pe rcen t  minus 200 mesh 
coa l  s i n c e  t h e  process  w a s  o r i g i n a l l y  in t ended  f o r  producing a low-sulfur f u e l  s u i t -  
a b l e  f o r  pu lver ized  f i r i n g  i n  b o i l e r s .  I n  e a r l i e r  work, c o a l  was t r e a t e d  wi th  C a O  
( t h e  c a t a l y s t )  i n  t h e  presence  of a s o l u t i o n  of NaOH. The r e s u l t s  showed t h a t  t h e  
B a t t e l l e  process  completely e l imina ted  t h e  agglomera t ion  (caking) tendency o f  h ighly-  
caking ,  P i t t sbu rgh  seam c o a l  and g r e a t l y  inc reased  t h e  h y d r o g a s i f i c a t i o n  and steam 
g a s i f i c a t i o n  r e a c t i v i t i e s  ( 2 ) .  It was a l so  found t h a t  t h e  B a t t e l l e - t r e a t e d  c o a l ,  
abbrevia ted  as BTC, was much more r e a c t i v e  than  c o a l  impregnated wi th  CaO by s l u r r y -  
i ng  wi th  CaO and wa te r  a t  room t empera tu re  fo l lowed by d r y i n g  a s  is  conven t iona l ly  
done. 

Severa l  c a t a l y s t  systems have been s t u d i e d  s o  f a r .  T h i s  paper  is concerned 
wi th  f u r t h e r  development of t h e  c a t a l y s t  t rea tment  system c o n s i s t i n g  of C a O ,  which 
i s  a (hydro )gas i f i ca t ion*  c a t a l y s t  €o r  c o a l ,  and NaOH which f a c i l i t a t e s  chemical 
i nco rpora t ion  of calcium s p e c i e s  i n  c o a l .  S p e c i f i c a l l y ,  t h e  paper d e a l s  w i th  (a )  
t h e  e f f e c t  of p a r t i c l e  s i z e  of raw c o a l  and c a t a l y s t  t r ea tmen t  t i m e  on hydrogas i f i -  
c a t i o n  p r o p e r t i e s  of BTC, (b) de t e rmina t ion  of  product  d i s t r i b u t i o n  f o r  (hydro)gas i -  
f i c a t i o n  of BTC, (c) c o r r e l a t i o n  between the  p r o p e r t i e s  o f  batch-produced BTC and 
continuously-produced BTC, and (d) advantages  of us ing  BTC ove r  p reox id ized  c o a l .  

PROCESS DESCRIPTION 

I n  the  c a s e  of t h e  c a t a l y s t  t r e a t m e n t  system c o n s i s t i n g  of CaO and N a O H ,  t h e  
BTC f o r  (hydro )gas i f i ca t ion  i s  prepared  by f o u r  major p rocess ing  s t e p s .  F i r s t ,  t h e  
coa l  of des i r ed  p a r t i c l e  s i z e  i s  s l u r r i e d  wi th  a mixture  of  CaO, N a O H ,  and water .  
Second, t he  coa l - ca t a lys t  s l u r r y  i s  hea ted  t o  an e l eva ted  tempera ture  where i t  i s  
he ld  s u f f i c i e n t l y  long  t o  a l low chemica l  i nco rpora t ion  of  calcium. Th i rd ,  t h e  
ca ta lys t - impregnated  c o a l  is sepa ra t ed  and washed to  remove excess  water  and sodium 
s p e c i e s  which can be r egene ra t ed  and r eused .  Four th ,  and f i n a l l y ,  t he  BTC i s  d r i e d  
t o  t h e  d e s i r e d  mois ture  l e v e l .  

During t h e  c a t a l y s t  t r ea tmen t ,  up t o  3 percen t  calcium chemica l ly  b inds  t o  t h e  
c o a l  whi le  a c o n t r o l l e d  q u a n t i t y  of  CaO i B  p h y s i c a l l y  inco rpora t ed  throughout t h e  

*The term ( h y d r 0 ) g a s i f i c a t i o n  r e f e r s  i n  t h i s  paper  t o  both  h y d r o g a s i f i c a t i o n  and 
s team g a s i f i c a t i o n  of coa l .  
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coal particles. 
ments wherein the BTC was treated with a sugar solution to dissolve the physically- 
incorporated calcium. 

The evidence for chemical incorporation of calcium comes from experi- 

The NaOH apparently helps facilitate the effective penetration and reaction of CaO 
with coal. It is postulated that NaOH first reacts with coa1,opening up its structure 
and thus facilitating the diffusion of calcium into the coal particles, and then cal- 
cium displaces the sodium from coal along with reacting with reaction sites not con- 
taining sodium. Usually, a fraction of a percent of sodium remains in BTC after treat- 
ment either because of incomplete displacement of chemically-bound sodium by calcium 
or due to incomplete removal of physically-incorporated sodium by washing. More 
information on this is provided elsewhere (3). 

EXPERIMENTAL DETAILS 

The impregnation of coal with catalyst was carried out in a batch reactor system 
as well as a continuous reaction system called "Miniplant". 
properties of the BTC produced in these reactor systems were determined in a high- 
pressure thermobalance (TGA) reactor and in a small, batch-solids fluid-bed gasifier. 
Table 1 shows the compostion of the raw coal, from Montour 114 mine of Pittsburgh 88 
seam, used to product BTC. 

The (hydro)gasification 

TABLE 1. COMPOSITION OF RAW COAL 

Weight Percent 

Proximate Analysis 
Moisture 0.70 
Ash 9.95 
Volatile Matter ( d r y )  37.5 
Fixed Carbon (by difference) 51.9 

Total 100.0 
Ultimate Analysis 
Moisture 0 . 7 0  
Ash 9.95 
Carbon 73.5 
Hydrogen 5.25 
Nitrogen 1.4 
Sulfur 2.6 
Oxygen (by difference) 6.6 

Total 100.0 

Batch Treatment Reactor 

The batch experiments on the production of BTC were conducted in a "quick-charge", 
one-gallon autoclave system shown schematically in Fizure 1. I n  all experiments con- 
ducted, the mixture of coal, CaO, and water was heated to the operating temperature 
and then the NaOH solution was added to the preheated autoclave through the charging 
bomb. 
NaOH, at which point the zero treatment (retention) time was recorded. Several samples 
of coal-catalyst slurry were withdrawn and then quickly cooled during an experiment in 
order to determine the effect of treatment time on properties of BTC. 

The operating temperature was regained within 3 to 5 minutes after charging 

The catalyst-impregnated (treated) coal was separated from the spent caustic solu- 
tion and washed under nitrogen with distilled water to remove the excess sodium species 
and then dried under partial vacuum at 60°C in an inert atmosphere. 
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Continuous Treatment Reac tor  (Minip lan t )  

The exper iments  on t h e  cont inuous  p roduc t ion  of  BTC were conducted i n  t h e  Miniulant 
system according t o  t h e  f lowshee t  shown i n  F igu re  2 .  
p l a c e  cont inuous ly  i n  a series of  s t i r r e d - t a n k  r e a c t o r s ,  t h e  s i z e  and number of which 
depended on t h e  t r ea tmen t  t i m e  and t h e  pumping speed  f o r  t h e  c o a l - c a t a l y s t  s l u r r y .  The 
nominal pumping speed  of  t h e  h igh -p res su re  pump w a s  6 g a l l o n s  p e r  hour.  A f t e r  c a t a l y s t  
impregnat ion ,  t h e  product  s l u r r y  was cooled  and then  passed  through a p r e s s u r e  letdown 
va lve .  The BTC w a s  s epa ra t ed  from t h e  s p e n t  c a u s t i c  s o l u t i o n  (which can  be regenera ted  
and reused)  i n  a c e n t r i f u g a l  f i l t e r ,  washed wi th  t a p  water  t o  remove sodium s p e c i e s  and 
then  d r i e d  i n  a i r  i n  a r o t a r y  d rye r .  A l l  p rocess ing  s t e p s  u n t i l  t h e  f i r s t  f i l t r a t i o n  
w e r e  i n t e g r a t e d  i n t o  cont inuous  o p e r a t i o n .  

High-pressure Thermobalance Reac tor  

The c a t a l y s t  impregnat ion  took 

The tendency of BTC f o r  agglomera t ion  du r ing  h y d r o g a s i f i c a t i o n  and t h e  hydrogasi-  
f i c a t i o n  r e a c t i v i t y  r e l a t i v e  t o  r a w  c o a l  and preoxid ized  c o a l  were determined i n  a 
h igh-pressure  thermobalance r e a c t o r  (TGA) system desc r ibed  e a r l i e r  (2) . During a ther- 
mobalance run, t h e  mass o f  a c o a l  sample is monitored con t inuous ly .  From t h e  mass 
v e r s u s  time da ta .  t h e  MAF f r a c t i o n a l  convers ion .  X. ve r sus  t i m e  u l o t s  a r e  ob ta ined .  
A convenient way t o  
t i m e s ,  tx, requ i r ed  
BTC r e l a t i v e  t o  raw 
def ined  a s  

R =  

~. 
compare t h e  r e a c t i v i t y  of  one c o a l  w i th  ano the r  is t o  compare the  
f o r  a given f r a c t i o n a l  convers ion ,  X.  An average  r e a c t i v i t y  of 
coa l ,  s, corresponding  t o  a f r a c t i o n a l  convers ion  X ,  may thus  be 

1) 
(tx)Raw Coal 

(tx)BTC 

Some BTC and raw c o a l  samples had t o  be  p e l l e t i z e d  p r i o r  t o  h y d r o g a s i f i c a t i o n  
because  they were too f i n e  f o r  t h e  100-mesh baske t  used f o r  ho ld ing  t h e  samples.  The 
rest of t he  samples,  con ta in ing  on ly  a s m a l l  amount of  -60 mesh s i z e  p a r t i c l e s ,  were 
screened  t o  o b t a i n  t h e  +60 mesh f r a c t i o n  f o r  t h e  thermobalance exper iments .  

Batch-Solids Fluid-Bed G a s i f i e r  

The ba tch - so l id s  f lu id-bed  g a s i f i e r  system, shown schemat i ca l ly  i n  F igu re  3, was 
used t o  determine product  y i e l d  d a t a  f o r  ( h y d r 0 ) g a s i f i c a t i o n  of BTC and p reox id ized  
c o a l  from t h e  Synthane P rocess .  The r e a c t o r  tube  w a s  l-1/2-inch I . D .  x 3-inch O.D.  x 
48 i nches  long. The d i s t r i b u t o r  p l a t e  was made of 100-mesh s t a i n l e s s  s teel  s c r e e n  and 
p laced  a t  t h e  c e n t e r  of t h e  r e a c t o r  t ube .  

I n  a l l  exper iments  conducted, a 50 g ba tch  of c o a l  was charged through a n  e l e c t r i -  
ca l ly -ope ra t ed  b a l l  va lve  i n  l e s s  t han  10 seconds t o  t h e  hea ted  r e a c t o r  a f t e r  e s t ab -  
l i s h i n g  t h e  d e s i r e d  f eed  gas  r a t e .  The off-gas was allowed t o  p a s s  through,  i n  o rde r ,  
a ho t  t r a p ,  a w a t e r  condenser,  a wa te r  t r a p ,  and a co ld  t r a p  p r i o r  t o  gas  a n a l y s i s .  
The t o t a l  volume of  t h e  product  gas  w a s  determined wi th  a dry  gas  meter .  An i n f r a r e d  
a n a l y z e r  (IR) was used t o  con t inuous ly  moni tor  t h e  methane (CH4) concen t r a t ion  of the  
product  gas. A s m a l l  b l e e d  stream was t aken  from t h e  product  gas  v i a  an i s o k i n e t i c  
probe to  c o l l e c t  a sample fo r  a n a l y s i s  by a gas chromatograph (GC) a t  t h e  end of  a run. 
The cha r  was recovered  from t h e  r e a c t o r  a t  t h e  end of  a run  and weighed. Also, t h e  
we igh t s  of  t h e  g l a s s  wools p laced  i n  t h e  h o t  t r a p  and low-temperature t r a p  were de t e r -  
mined be fo re  and a f t e r  a r u n  t o  de te rmine  t h e  y i e l d  of tar  p l u s  o i l .  

A carbon ba lance  w a s  made f o r  each run .  
p e r f e c t  carbon ba lances .  

The product  y i e l d  d a t a  w e r e  ad jus t ed  t o  obta in  
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EXPERIMENTAL RESULTS 

E f f e c t  of  P a r t i c l e  S i z e  and Treatment Time 

E a r l i e r  work on ( h y d r 0 ) g a s i f i c a t i o n  of  BTC was done us ing  70 pe rcen t  minus 200 mesh 
coa l .  However, because of t h e  problem i n  us ing  200 mesh o r  f i n e r  c o a l  f o r  t h e  f lu id-bed  
g a s i f i e r ,  i t  was d e s i r a b l e  t o  know t h e  e f f e c t  of c a t a l y s t  t r ea tmen t  t i m e  on t h e  (hydro) 
g a s i f i c a t i o n  c h a r a c t e r i s t i c s  of  BTC produced from c o a r s e r  r a w  c o a l .  The re fo re ,  expe r i -  
ments were conducted on c o a l s  wi th  p a r t i c l e  s i z e  ranging  from 6350 pm (0.25 inch )  t o  
7 4  pm (200 mesh). The c a t a l y s t  t rea tment  was c a r r i e d  ou t  a t  25OoC, i n  t h e  presence  of  
a s o l u t i o n  of N a O H ,  us ing  a CaO/coal r a t i o  o f  0.13. The exper iments  were conducted on 
c o a l  ground and screened  t o  t h e  fo l lowing  s i z e s :  0.25 i nch  t o  0.187 inch  (4 mesh); 
-20+28 mesh; -35+48 mesh; -65+100 mesh; -15Ot200 mesh; and 70 pe rcen t  -200 mesh .  While 
nea r ly  a l l  of t h e  ca lc ium remained i n  t h e  BTC, t he  sodium con ten t  i nc reased  from about  
0 .1  pe rcen t  of  MAF c o a l  f o r  200 mesh c o a l  t o  about 0.8 pe rcen t  f o r  20 mesh coa l  due t o  
i n e f f i c i e n t  washing of l a r g e r  p a r t i c l e s  ( 3 ) .  

To i l l u s t r a t e  t h e  dependence of h y d r o g a s i f i c a t i o n  r e a c t i v i t y  on coa l  p a r t i c l e  s i z e  
and c o a l  t rea tment  t i m e ,  t he  t ime r equ i r ed  t o  hydrogas i fy  50 pe rcen t  of  t h e  MAF BTC i s  
shown i n  F igure  4 a s  a func t ion  of  c o a l  t rea tment  t i m e  and c o a l  p a r t i c l e  s i z e .  F igu re  
4 shows t h a t  t h e  r e a c t i v i t y  i n c r e a s e s  wi th  t r ea tmen t  t ime,  l e v e l i n g  o f f  a va lue  t h a t  
does not  seem t o  depend on t h e  p a r t i c l e  s i z e .  However, t h e  t i m e  r equ i r ed  t o  ach ieve  
maximum r e a c t i v i t y  i n c r e a s e s  wi th  p a r t i c l e  s i z e .  For example, a t r ea tmen t  t ime o f  
about 10 minutes i s  s u f f i c i e n t l y  long  t o  ach ieve  near-maximum r e a c t i v i t y  wi th  70 per -  
cen t  minus 200 mesh c o a l ,  wh i l e  20 minutes a r e  r equ i r ed  t o  ach ieve  n e a r l y  t h e  same 
r e a c t i v i t y  wi th  -2Ot28 mesh c o a l .  The BTC produced from 0.25-inch t o  0.187-inch s i z e  
raw c o a l  was no t  hydrogas i f i ed  s i n c e  t h e  p a r t i c l e s  w e r e  too  l a r g e  f o r  t h e  thermobalance 
r e a c t o r .  

F igu re  5 shows t h e  complete thermobalance d a t a  f o r  raw c o a l s  of  d i f f e r e n t  p a r t i c l e  
s i z e s  a s  w e l l  a s  f o r  BTC produced from these  c o a l s .  For t h e  t r e a t e d  c o a l s ,  t h e  t ime 
of t r ea tmen t  was 60 minutes  which, accord ing  t o  t h e  d a t a  shown i n  F igu re  4 ,  w a s  l onge r  
than  necessary .  The r eason  f o r  t h e  somewhat h ighe r  r e a c t i v i t y  f o r  t he  c o a r s e r  c o a l  i s  
t h a t  i t  was not  p e l l e t i z e d  which can lower t h e  r e a c t i v i t y ,  depending on t h e  compaction 
p r e s s u r e  used f o r  p e l l e t i z a t i o n .  F igu re  5 i n d i c a t e s  t h e  p o t e n t i a l  t h a t  t r ea tmen t  has  
f o r  reducing  t h e  t o t a l  r e a c t o r  volume i n  a g a s i f i c a t i o n  p l a n t .  For  example, i f  one  
assumes a 20-minute c o a l  r e s idence  t i m e  i s  requ i r ed  f o r  t r ea tmen t ,  F igu re  5 i n d i c a t e s  
t he  r e s u l t i n g  BTC can be  hydrogas i f i ed  t o  a 65 pe rcen t  convers ion  l e v e l  i n  less than  
3 minutes ,  while raw c o a l  r e q u i r e s  90 minutes  f o r  t h e  same l e v e l  of  convers ion .  Thus, 
t he  t o t a l  volume requ i r ed  f o r  t rea tment  p l u s  h y d r o g a s i f i c a t i o n  should  be cons ide rab ly  
l e s s  f o r  BTC than  f o r  r a w  coa l .  

The d a t a  i n  F igure  5 show t h a t  t h e  va lue  of  t h e  average  r e l a t i v e  r e a c t i v i t y  Rx,  
def ined  i n  Equation 1, i n c r e a s e s  wi th  X. For example, f o r  BTC from -20+28 mesh r a w  
c o a l ,  t h e  va lues  of Rx a t  X equa l  t o  0.5,  0 .6 ,  and 0.7 a r e  17 ,  2 9 ,  and 49, r e s p e c t i v e l y .  
Th i s  i s  due t o  t h e  f a c t  t h a t  r a w  coa l  i s  d e a c t i v a t e d  whi le  BTC i s  n o t  du r ing  hydro- 
g a s i f i c a t i o n ,  as d i scussed  l a te r .  

The i n c r e a s e  i n  hydrogas i f i ca t ion  r e a c t i v i t y  due t o  t r ea tmen t  was found t o  be  
accompanied by a r educ t ion  i n  t h e  tendency f o r  agglomera t ion  du r ing  h y d r o g a s i f i c a t i o n  
and a t  t h e  t rea tment  t i m e  r equ i r ed  t o  ach ieve  maximum r e a c t i v i t y ,  t h e  agglomera t ing  
tendency was completely e l imina ted .  For  example, t rea tment  o f  -20+28 mesh c o a l  f o r  
20 minutes produced a completely nonagglomerating BTC, and t r e a t i n g  t h e  same raw c o a l  
f o r  11 minutes produced a BTC t h a t  had a s l i g h t  tendency f o r  agglomera t ion ,  whi le  t h e  
raw c o a l  had a seve re  tendency f o r  agglomeration. Fur thermore ,  i t  was found t h a t  
c o a r s e r  p a r t i c l e s  r equ i r ed  a longe r  t rea tment  t ime t o  comple te ly  d e s t r o y  t h e  agglom- 
e r a t i n g  tendency of c o a l .  For example, a t rea tment  t i m e  of 10 minutes  was s u f f i c i e n t  
t o  comple te ly  e l i m i n a t e  t h e  agglomera t ion  eendency of 70 pe rcen t  minus 200 mesh c o a l ,  
wh i l e  BTC produced from -20+48 mesh c o a l  a f t e r  t r ea tmen t  f o r  11 minutes  s t i l l  had a 
s l i g h t  tendency f o r  agglomera t ion .  
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The f r e e  s w e l l i n g  index  (FSI) of  BTC t r e a t e d  f o r  120 minutes  and raw c o a l s  were a l s o  
determined i n  t h i s  s tudy .  The r a t i o n a l e  f o r  doing t h i s  was t h a t  FSI de te rmina t ion  i s  
easy  and quick  and t h a t  a z e r o  va lue  f o r  FSI i s  a necessary  (but  no t  s u f f i c i e n t )  condi- 
t i o n  f o r  comple te ly  d e s t r o y i n g  t h e  agglomera t ion  tendency du r ing  hydrogas i f i ca t ion .  It 
w a s  found t h a t  t h e  FSI of  raw c o a l  p a r t i c l e s  as l a r g e  as 0.25 inch  could  be lowered from 
8 t o  0 by the  B a t t e l l e  t r ea tmen t .  The t r ea tmen t  of 0.25-inch s i z e  p a r t i c l e s  w a s  c a r r i e d  
o u t  t o  de te rmine  i f  t h e  B a t t e l l e  t rea tment  could be used t o  produce nonagglomerating 
f eeds tock  f o r  moving-bed g a s i f i c a t i o n  systems such a s  Lurg i .  The m a t e r i a l  ba lance  da ta  
f o r  treatment.  exper iments  showed t h a t  t h e r e  w a s  no l o s s  of v o l a t i l e  ma t t e r  o r  carbon,  
w i t h i n  e r r o r s  of  measurement, d u r i n g  c a t a l y s t  t r ea tmen t .  On t h e  o t h e r  hand, preoxida- 
t i o n ,  which is commonly employed f o r  r educ t ion  of FSI of c o a l ,  r e s u l t s  i n  t h e  l o s s  of 
20 pe rcen t  o r  more v o l a t i l e  ma t t e r .  

It should be po in ted  o u t  t h a t  t h e  CaO/coal r a t i o  of 0.13, used i n  t h e  above exper i -  
ments,  was about  two t i m e s  t h e  r a t i o  necessa ry  t o  ach ieve  maximum h y d r o g a s i f i c a t i o n  
r e a c t i v i t y .  

The stham g a s i f i c a t i o n  r e a c t i v i t y  of  BTC was not  determined i n  t h e  thermobalance 
because maximum steam g a s i f i c a t i o n  r e a c t i v i t y  i s  achieved be fo re  maximum hydrogas i f i -  
c a t i o n  r e a c t i v i t y .  E a r l i e r  d a t a  wi th  f i n e  c o a l  showed t h a t  BTC having maximum steam 
g a s i f i c a t i o n  r e a c t i v i t y  can be  g a s i f i e d  a t  675'C a t  about t h e  same r a t e  a s  raw c o a l  a t  
85OoC ( 2 ) .  
kcal /mole . )  
0 . 7  a t  85O0C and 500 p s i g  f o r  raw c o a l  and BTC (having maximum-possible hydrogas i f i ca -  
t i o n  r e a c t i v i t y )  a r e  expec ted  t o  be about 50 minutes and 5 minutes ,  r e s p e c t i v e l y .  

Fluid-Bed Data f o r  (Hydr0 )gas i f i ca t ion  
of BTC and Preoxid ized  Coal 

(The a c t i v a t i o n  energy  f o r  steam g a s i f i c a t i o n  of  BTC was found t o  be 23  
Based on ear l ier  d a t a ,  t h e  t imes  r e q u i r e d  f o r  a f r a c t i o n a l  convers ion  of 

Experiments were conducted i n  a ba tch - so l id s  f lu id-bed  g a s i f i e r  t o  de te rmine  pro- 
duc t  d i s t r i b u t i o n  f o r  BTC g a s i f i e d  wi th  hydrogen, steam, and hydrogen p l u s  steam. 
Because of t h e  s m a l l  s i z e  of BTC used (about 50 g )  and because o f  problems wi th  batch 
o p e r a t i o n ,  on ly  t h e  carbon ba lance  d a t a  could be obta ined  wi th  reasonable  accu rac i e s .  
The r e s u l t s  showed t h a t  no t  on ly  t h e  ( h y d r 0 ) g a s i f i c a t i o n  r e a c t i v i t y  of BTC was a s  high 
a s  i n d i c a t e d  by thermobalance d a t a ,  b u t  a l s o  t h a t  t h e  y i e l d s  of e thane  (C2H6) and 
e t h y l e n e  (C2H4) were much g r e a t e r  than  observed wi th  raw c o a l  o r  preoxid ized  coa l  i n  
commercial o r  advanced c o a l  g a s i f i c a t i o n  p rocesses .  

Data were a l s o  ob ta ined  on t h e  g a s i f i c a t i o n  of p reox id ized  c o a l  from Synthane Pro- 
c e s s  t o  make a d i r e c t  comparison between the  ( h y d r 0 ) g a s i f i c a t i o n  p r o p e r t i e s  of  BTC and 
preoxid ized  c o a l .  

Hydrogas i f i ca t ion  Data.  The y i e l d  d a t a  f o r  t h r e e  t y p i c a l  r u n s  wi th  BTC and one 
run w i t h  preoxid ized  c o a l  are summarized i n  Table  2. These d a t a  show t h a t  under com- 
p a r a b l e  t rea tment  cond i t ions ,  t h e  t o t a l  carbon convers ion  i s  much g r e a t e r  f o r  BTC than 
f o r  preoxid ized  c o a l  because of t h e  h ighe r  h y d r o g a s i f i c a t i o n  r e a c t i v i t y  of  BTC. 
r e l a t i v e  r e a c t i v i t y  of  BTC i s  a c t u a l l y  much g r e a t e r  than  may be apparent  from t h e  t o t a l  
carbon convers ion  d a t a  because most of  t h e  carbon g a s i f i e d  i n  t h e  c a s e  of  t h e  preoxi -  
d i zed  c o a l  is a c t u a l l y  t h e  v o l a t i l e  carbon. I n  f a c t ,  i t  can be shown t h a t  t h e  base 
carbon convers ion  f o r  BTC i n  Table  2 is more than about t h r e e  t imes t h a t  f o r  preoxidized 
c o a l .  The h igh  h y d r o g a s i f i c a t i o n  r e a c t i v i t y  of BTC compared t o  preoxid ized  coa l  i s  
a l s o  demonstrated by t h e  thermobalance d a t a  p l o t t e d  i n  F igu re  6. It can be seen from 
F igure  6 t h a t  t h e  time € o r  70 pe rcen t  convers ion  of MAF c o a l  is l e s s  f o r  BTC even 
though p reox id ized  c o a l  is hydrogas i f i ed  a t  50°C h ighe r  i n  tempera ture  and a t  4 t imes 
t h e  hydrogen p a r t i a l  p r e s s u r e  ( i . e . ,  1000 p s i g  v e r s u s  250 p s i g ) .  

The 

One of t h e  most i n t e r e s t i n g  o b s e r v a t i o n s  i n  t h i s  s tudy  was t h a t  a very  s i g n i f i c a n t  
amount of carbon was conver ted  t o  C2H4 and C2H6. 
o f  carbon t o  C2H4 and C2H6 i n  Runs Nos. 9 ,  1 2 ,  and 1 3  were 13 .1 ,  22.3,  and 14 .4  pe rcen t ,  
r e s p e c t i v e l y .  I n  f a c t ,  i n  Run N o .  1 2 ,  t h e r e  was more carbon conver ted  t o  C2H4 p lus  

For  example, t h e  combined conversion 
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C2H6 than  t o  CH4. 
i n  most of t h e  advanced g a s i f i c a t i o n  p rocesses ,  such as Synthane an$ Hydrane, t h e  
f r a c t i o n  of coa l  carbon conver ted  t o  t h e s e  s p e c i e s  i s  on ly  a couple of  pe rcen t .  Indeed, 
t h e  d a t a  i n  Table 2 f o r  p reox id ized  c o a l  show t h a t  t h e  combined y i e l d  of C2H4 and C2H6 
was on ly  2.3 pe rcen t .  T h e  r a t e s  of  product ion  o f  C2H4 and C H 
l i g i b l e  a f t e r  t h e  f i r s t  one and one-half  minutes  i n  a l l  runs?  6Thus, t h e  C2 hydrocarbons 
a r e  formed p r imar i ly  du r ing  h y d r o g a s i f i c a t i o n  of  t h e  most r e a c t i v e  carbon. 
of  t hese  hydrocarbons were found to be lower a t  h ighe r  tempera tures .  

The convers ion  of s o  much carbon t o  C2H4 and C2H is unusual  s i n c e  

were found t o  be neg- 

The y i e l d s  

A t  t h i s  s t a g e ,  t h e  r e s u l t s  on the  y i e l d s  of C2H4 and C2H6 should be  i n t e r p r e t e d  
c a u t i o u s l y  because of d i f f e r e n c e s  expec ted  i n  t h e  c o a l  heat-up r a t e s  and gas-phase 
r e s idence  time between t h e  ba t ch - so l id s  g a s i f i e r  and a cont inuous  g a s i f i e r .  

It should be poin ted  o u t  t h a t  i so the rma l  o p e r a t i o n  could  no t  be achieved  du r ing  
h y d r o g a s i f i c a t i o n  runs  because o f  uns teady  s t a t e  o p e r a t i o n  and because t h e  hydrogasi-  
f i c a t i o n  r e a c t i o n  is h i g h l y  exothermic.  
du r ing  a run was a s  h igh  a s  35 pe rcen t  by volume which occurred  a t  about  one minute 
a f t e r  charg ing  c o a l  t o  t h e  g a s i f i e r .  The tempera ture  was h i g h e s t  a t  t h e  po in t  of  maxi- 
mum r a t e  of methane product ion .  

The methane concen t r a t ions  i n  t h e  of f -gas  

TABLE 2 .  COMPARISON OF YIELDS FOR HYDROGASIFICATION 
OF BTC AND PREOXIDIZED COAL .** 

BTC (-2W28 mesh Raw Coal Preoxid ized  Coal 
t r e a t e d  f o r  2 0  minutes )  (+65 mesh) 

Fluid-Bed Run No. 9 1 2  1 3  15  

T o t a l  P res su re ,  p s i a  
P H ~  i n  Feed Gas, p s i a  
Tempcraturc Rangc, “ C  
React ion  T i m e ,  minutes  

Carbon Conversion, w t  % 
CHL 
C2H4 
C2H6 
Tar and O i l  
Oxides 

T o t a l  

Pe rcen t  Carbon Converted t 
Hydrocarbons 

265 
265 

1 3  
755-10115 

36.6 
2.0 

11.1 
5.2  
4 . 3  

59.2 

10 Cl+C2 49.7 

- 

~ ~~ 

265 
265 

750-850 
10  

1 7 . 5  
1 0 . 1  
12 .2  

6 . 2  
5 .6  

51.6 

39.8 

__ 

~~ 

290 
290 

880-1090 
10 

39.0 
6 .0  
8 .4  
4 . 1  
4 .4  

61.9 

53.4 

~~~ ~~ 

265 
265 

850-930 
12 

21 .2  
0 .3  
2.0 
3.0 
3.5 

30.0 

23.5 

- 

The tempera ture  dependence f o r  t h e  s p e c i f i c  ra te  of methane p roduc t ion  i n  t h e  pos t -  
d e v o l a t i l i z a t i o n  r eg ion  i s  shown i n  F igu re  7 .  These d a t a  were genera ted  from one f l u i d -  
bed r u n  s i n c e  tempera ture  w a s  no t  c o n s t a n t .  The s t r a i g h t  l i n e  f o r  Arrhenius  p l o t  sug- 
g e s t s  t h a t  t he re  i s  no d e a c t i v a t i o n  of BTC du r ing  h y d r o g a s i f i c a t i o n  i n  t h e  carbon 
convers ion  range of 40 t o  55 pe rcen t ,  v e r i f y i n g  r e s u l t s  from thermobalance d a t a  d i s -  
cusssed  l a t e r .  The r a t e s  i n  F igu re  7 were c o r r e c t e d  f o r  v a r i a t i o n  o f  p a r t i a l  p r e s s u r e  
of  hydrogen dur ing  t h e  run  us ing  t h e  f i r s t - o r d e r  power law dependence f o r  hydrogen 
p a r t i a l  p re s su re  found from thermobalance d a t a .  The r a t e  expres s ion  f o r  s p e c i f i c  rate 
of carbon convers ion  t o  methane i n  t h e  p o s t - d e v o l a t i l i z a t i o n  reg ion  i s  

= 88 (PH ) exp (-13,80O/T) 2 )  
2 

where,  t i s  the  t i m e  i n  minutes ,  P i s  i n  p s i a ,  T i s  t h e  tempera ture  i n  deg rees  k e l v i n ,  
Xc is t h e  t o t a l  carbon conversion,H&d Xc(CH4) i s  t h e  f r a c t i o n  of carbon conver ted  t o  
CHb.  Equation 2 should be v a l i d  up t o  a va lue  of  Xc of about 0.65 t o  0.70 a t  a hydrogen 
p a r t i a l  p re s su re  of 225 p s i a  and t o  Xc v a l u e s  g r e a t e r  than 0.7 a t  h ighe r  p re s su res .  
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The d a t a  i n  F igu re  7 show t h a t  t h e  ba t ch  f luid-bed d a t a ,  t h a t  have been co r rec t ed  
f o r  t h e  p re sence  of a s  much as 15-20 p e r c e n t  methane, c o r r e l a t e s  w e l l  w i t h  thermo- 
ba l ance  d a t a .  For  t h e  thermobalance d a t a ,  t h e  s p e c i f i c  r a t e  o f  MAF coa l  conversion 
w a s  used,  which i s  n e a r l y  t h e  same a s  t h e  lef t -hand s i d e  of  Equation 2 i n  t h e  pos t -  
d e v o l a t i l i z a t i o n  r eg ion .  

The f r a c t i o n a l  conversion o f  carbon t o  tar  p l u s  o i l  w a s  found t o  v a r y  between 4 
and 7 pe rcen t  f o r  r u n s  w i t h  BTC u s i n g  hydrogen as a f e e d  gas .  The y i e l d  o f  tar p l u s  
o i l  w a s  found to  dec rease  w i t h  t empera tu re  as found by o t h e r  i n v e s t i g a t o r s  (4) .  It 
i s  expected t h a t  t h e  y i e l d  of  tar and o i l  from BTC w i l l  be lower i n  a cont inuous 
fluid-bed g a s i f i e r  where t h e  c o a l  can be in t roduced  i n t o  t h e  f l u i d  bed d i r e c t l y  and 
i n  which t h e  c o a l  can be  hea ted  v e r y  r a p i d l y .  The composition or  t h e  q u a l i t y  of tar  
and o i l  formed from BTC could n o t  b e  determined because of t h e  s m a l l  amounts o f  
samples  a v a i l a b l e .  I t  is expected though,  based on o u r  work on t h e  p y r o l y s i s  of BTC, 
t h a t  t h e  o r g a n i c  l i q u i d s  ( t a r  and o i l )  from BTC a r e  s i g n i f i c a n t l y  lower b o i l i n g  than  
t h e  o rgan ic  l i q u i d s  from u n t r e a t e d  raw c o a l .  

There was l i t t l e  or n o  HZS d e t e c t e d  by GC i n  off-gas  from g a s i f i c a t i o n  of  BTC. 
Furthermore,  s u l f u r  a n a l y s i s  of  BTC and c h a r  showed t h a t  more than  90 pe rcen t  s u l f u r  
w a s  r e t a i n e d  i n  t h e  char  during'hydrogasification. It i s  be l i eved  t h a t  s u l f u r  i n  char 
i s  p r e s e n t  as Cas. 

Steam G a s i f i c a t i o n  Data. Tab le  3 summarizes t y p i c a l  y i e l d  d a t a  f o r  BTC g a s i f i e d  
w i t h  s team and s team p l u s  hydrogen a long  w i t h  d a t a  f o r  g a s i f i c a t i o n  o f  p reox id ized  
c o a l  (from Synthane P rocess ) .  The d a t a  for Runs Nos. 14 and 16 show t h a t  t h e  steam 
g a s i f i c a t i o n  r e a c t i v i t y  of  BTC i s  much g r e a t e r  t han  t h a t  of  p reox id ized  c o a l  a s  
expected.  
y i e l d  t o  CH4 y i e l d  f o r  BTC i s  g r e a t e r  t han  f o r  p reox id ized  coa l .  

Also,  t h e  rate of  hydrocarbon formation and t h e  r a t i o  o f  C2 hydrocarbon 

TABLE 3 .  COMPARISON OF YIELDS FOR GASIFICATION OF BTC AND 
PREOXIDIZED COAL WITH STEAM AND STEAM PLUS HYDROGEN 

Fluid-Bed Run No. 

BTC (-20+28 mesh Raw Coal P reox id ized  Coal 
t r e a t e d  f o r  20 minutes)  (+65 mesh) 

14 1 7  16 1 9  

T o t a l  P r e s s u r e ,  p s i a  
P i n  Feed Gas, p s i a  
PH2 i n  Feed Gas, p s i a  
P i i o i n  Feed G a s ,  p s i a  
Temperature Range, "C 
Reac t ion  Time, minutes  

Carbon Conversion, w t  % 
CH4 
'ZH4 
'ZH6 
T a r  + OilCa)  
Oxides 

To ta l  

255 205 215 205 
0 111 0 111 

66 94 57 94 
189 0 158 0 

785-795 780-800 800-810 850-890 
12 1 2  14 .5  1 7  

10.6 
2 . 1  
2 . 1  
4.2 

79.0 
98.0 
- 

Percen t  Carbon Converted t o  C1+C2 14.8 
Hydrocarbons 

25.9 7.1 15 .1  
2.0 1 .0  0.2 
4.6 0.5 0.8 
1 . 9  2.5 0.6 

47.2 
81.6 
- 14.2 

25.3 
- 1 1 . 3  

28.0 
- 

32.5 8.6 16 .1  

(a )  Underestimated because some o i l  w a s  condensed i n  t h e  s team condenser .  

Runs Nos. 1 7  and 19 were conducted w i t h  steam-hydrogen mix tu res  i n  o r d e r  t o  s imula t e  
more c l o s e l y  t h e  cond i t ions  i n  a con t inuous ,  steam-oxygen, f luid-bed g a s i f i e r .  Again, 
BTC i s  found t o  b e  more r e a c t i v e  and more s e l e c t i v e l y  g a s i f i e d  t o  C2 hydrocarbon than 
p reox id ized  c o a l .  
gen P a r t i a l  p r e s s u r e  i n  t h e  range s t u d i e d .  

Note t h a t  t h e  Yie ld  of C2  hydrocarbons and CH4 i n c r e a s e s  w i t h  hydro- 
For  example, t h e  y i e l d  of C2 hydrocarbon 
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i n  Run N o .  14  ( i n  which t h e  p a r t i a l  p r e s s u r e  of  H2 i n  t h e  o f f -gas  was 15  p s i a )  was 4.2 
p e r c e n t ,  i n  Run N o .  1 7  ( P H ~  = 111 p s i a )  i t  was 6.6 p e r c e n t ,  and i n  runs  wi th  pu re  
hydrogen (PH2 = 265 t o  290 p s i a )  i t  v a r i e d  from about 1 3  t o  22 pe rcen t .  

The r a t e s  of p roduc t ion  of v a r i o u s  gases  du r ing  Run N o .  1 7  (PH2 = 111 p s i a )  a r e  
p l o t t e d  i n  F igure  8. I n t e g r a t i o n  of t h e s e  r a t e  d a t a  t o  v a r i o u s  l e v e l s  of carbon con- 
ve r s ion  showed t h a t  a l l  t h e  Cg hydrocarbons and about 95 pe rcen t  of  t h e  CH4 w e r e  pro- 
duced du r ing  the  g a s i f i c a t i o n  of  t h e  i n i t i a l  55 pe rcen t  of carbon. Thus, t he  combined 
y i e l d  of C 1  and C 2  hydrocarbons ,  o r  what may be c a l l e d  "equ iva len t  CH4",  w i l l  be  31-32 
pe rcen t  f o r  60-70 pe rcen t  t o t a l  carbon convers ion .  On t h e  o t h e r  hand ,  e x t r a p o l a t i o n  
t o  60 pe rcen t  carbon convers ion  of  t h e  r a t e  d a t a  f o r  p reox id ized  coa l  (Run No. 19) 
showed t h a t  t he  combined y i e l d  of  C 1  and C2  hydrocarbons w a s  20.5 pe rcen t .  

The ba tch  fluid-bed d a t a  f o r  p reox id ized  c o a l  were e x t r a p o l a t e d  t o  e s t i m a t e  t h e  
equ iva len t  CH4 y i e l d  cor responding  t o  t h e  o p e r a t i n g  cond i t ions  employed i n  the  4-inch 
I . D .  Synthane g a s i f i e r  o p e r a t i n g  a t  570 p s i g .  The e s t ima ted  va lue  was 15.8 pe rcen t  
which cor responds  w e l l  w i th  t h e  15 .2  pe rcen t  a c t u a l l y  observed ( 5 , 6 ) .  
e s t i m a t i o n  procedure  f o r  BTC, t h e  e q u i v a l e n t  CH4 y i e l d  f o r  a s i n g l e - s t a g e ,  f lu id-bed ,  
steam-oxygen g a s i f i e r  ope ra t ed  a t  75OoC and 300 p s i g  was p r o j e c t e d  t o  be i n  t h e  
neighborhood of 26 pe rcen t .  
be 14.8 pe rcen t ,  a s  determined from Run No. 1 4 ,  cor responding  t o  PH 
only . )  
f o r  BTC than f o r  preoxid ized  c o a l  f o r  s i n g l e - s t a g e ,  steam-oxygen g a s i f i c a t i o n .  

Using a s i m i l a r  

(The minumum equ iva len t  CH4 y i e l d  f o r  BTC should of course  
equa l  t o  1 5  p s i a  

Thus, t h e  equ iva len t  CH4 y i e l d  f o r  BTC i s  expected t o  be s i a n i f i c a n t l y  h ighe r  

The d a t a  i n  Table  3 show t h a t  steam g a s i f i c a t i o n  of  BTC can be  c a r r i e d  out a t  a 
r easonab le  r a t e  a t  a tempera ture  w e l l  below 790°C, as a l s o  found e a r l i e r  ( 2 ) .  The 
d a t a  i n  Table  3 a l s o  i l l u s t r a t e  t h e  suppres s ive  e f f e c t  t h a t  i n c r e a s i n g  t h e  hydrogen 
p a r t i a l  p re s su re  has  on steam g a s i f i c a t i o n  r a t e  of BTC. Th i s  e f f e c t  has  been noted  by 
o t h e r  i n v e s t i g a t o r s  (7 ,8 ) .  The s imples t  phys i ca l  exp lana t ion  f o r  t he  lowering of t he  
steam g a s i f i c a t i o n  r a t e  by hydrogen i s  t h a t  t he  hydrogen adso rbs  on r e a c t i o n  s i t e s  
making them unava i l ab le  t o  steam. 

A s  i n  t he  case  of h y d r o g a s i f i c a t i o n ,  l i t t l e  o r  n o  H2S was d e t e c t e d  i n  the  of f -gas  
du r ing  steam g a s i f i c a t i o n  of BTC, i n d i c a t i n g  t h a t  s u l f u r  w a s  cap tured  by CaO (probably  
a s  Cas).  The advantage of r e t a i n i n g  s u l f u r  i n  t h e  char  as CaS i s  t h a t  t h e  char  can be 
bu rn t  i n  an envi ronmenta l ly-acceptab le  manner t o  provide  f o r  t h e  energy  requi rements  
of t h e  g a s i f i c a t i o n  p l a n t .  

Continuous Product ion  of  BTC 

The o b j e c t i v e s  behind cont inuous  p roduc t ion  tes ts  f o r  product ion  of  BTC were t o  
e s t a b l i s h  t h a t  BTC could be produced cont inuous ly  and t o  e s t a b l i s h  t h e  c o r r e l a t i o n  
between ba tch  and cont inuous  (Minip lan t )  tests. 

It w a s  found t h a t  BTC, having  h y d r o ( g a s i f i c a t i 0 n )  p r o p e r t i e s  s u p e r i o r  t o  r a w  coa l ,  
could  be produced from coa r se  a s  w e l l  as f i n e  c o a l  on a cont inuous  b a s i s .  The (hydro) 
g a s i f i c a t i o n  p r o p e r t i e s  of  Miniplant-produced BTC were found t o  be  t h e  same a s  f o r  
batch-produced BTC. For  example, t h e  thennobalance d a t a  i n  F igu re  9 show t h a t  t h e  
hydrogas i f i ca t ion  r e a c t i v i t y  of Miniplant-produced BTC was the  same as f o r  ba tch-  
produced BTC. Fur thermore ,  d a t a  from ba tch - so l id s  f lu id-bed  g a s i f i e r  showed t h a t  the  
d i s t r i b u t i o n  of t h e  products  from ( h y d r 0 ) g a s i f i c a t i o n  was n e a r l y  independent of  t h e  
type  of r e a c t o r  used f o r  product ion  of  RTC. 

Hydrogas i f i ca t ion  Rate Ana lys i s  

An i n t e r e s t i n g  f i n d i n g  i n  t h i s  s tudy  w a s  t h a t  t h e r e  w a s  no d e a c t i v a t i o n  of BTC 
du r ing  h y d r o g a s i f i c a t i o n ,  i n  t h e  pos t -devo la t i za t ion  reg ime,  up t o  an MAF f r a c t i o n a l  
convers ion  a f  about 0.75. On t h e  o t h e r  hand, t h e  rate of h y d r o g a s i f i c a t i o n  of r a w  coa l  
w a s  found t o  d e c l i n e  more o r  less exponen t i a l ly  i n  t h e  pos t -devo la t i za t ion  regime. 
Th i s  remarkable d i f f e r e n c e  between t h e  h y d r o g a s i f i c a t i o n  p r o p e r t i e s  of BTC and raw 
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c o a l  i s  i l l u s t r a t e d  i n  F igure  10 where t h e  s p e c i f i c  rate of  h y d r o g a s i f i c a t i o n ,  def ined  
a s  (-dX/dt)/(l-X),  i s  p l o t t e d  a g a i n s t  X ,  where X i s  t h e  f r a c t i o n a l  convers ion  of  MAF 
c o a l .  ( I t  i s  no t  c l e a r  whether t h e  h i g h e r  i n i t i a l  d e v o l a t i l i z a t i o n  r a t e  f o r  BTC i s  
due t o  h ighe r  r e a c t i v i t y  o r  simply f a s t e r  heat-up because t h e  BTC p a r t i c l e s  remained 
d i s c r e t e  whi le  t h e  raw c o a l  p a r t i c l e s  expanded i n t o  a sponge-like mass.)  F igu re  10 
shows t h a t  t h e  r e a c t i v i t y  of  BTC r e l a t i v e  t o  raw coa l  i n c r e a s e s  wi th  X.  The d e c l i n e  
i n  s p e c i f i c  r a t e  o f  hydrogas i f i ca t ion  wi th  i n c r e a s i n g  convers ion  f o r  t h e  raw c o a l  i s  
a c l e a r  i n d i c a t i o n  of dec reas ing  r e a c t i v i t y  brought about  by t h e  i n c r e a s i n g  graphi -  
t i z a t i o n  t h a t  occurs  i n  t h e  un t r ea t ed  c o a l .  That g r a p h i t i z a t i o n  occurs  has  become very 
widely accepted among i n v e s t i g a t o r s  i n  t h i s  a r e a .  Thus, i t  may be specu la t ed  t h a t  t he  
chemica l  i nco rpora t ion  of t h e  c a t a l y s t  p reven t s  g r a p h i t i z a t i o n  of  BTC du r ing  hydrogasi-  
f i c a t i o n  t o  a f r a c t i o n a l  convers ion  o f  about 0 .75.  Wood (9 )  and Gardner (10) have a l s o  
r epor t ed  lowering of t h e  tendency f o r  d e a c t i v a t i o n  of coa l  i n  t h e  presence  of a c a t a l y s t .  
However, t h e i r  c a t a l y s t s  were much l e s s  e f f e c t i v e  than  t h e  c a t a l y s t  i n  BTC because t h e i r  
c a t a l y s t s  w e r e  on ly  p h y s i c a l l y  and (probably)  l e s s - e f f e c t i v e l y  inco rpora t ed  i n  coa l .  

The reason f o r  d e c l i n e  i n  t h e  s p e c i f i c  r a t e  f o r  BTC a f t e r  X equa l  t o  0 .75 is not 
understood. But t h i s  may sugges t  an a l t e r n a t e  hypo thes i s  f o r  t h e  r o l e  of  t h e  c a t a l y s t  
i n  BTC. I t  may, f o r  example, be  hypo thes i zed  t h a t  t h e  r o l e  of t h e  c a t a l y s t  i s  t o  
simply extend the  l i m i t  f o r  r ap id  r a t e  methanat ion  s t a g e  f o r  base  carbon convers ion  
proposed by Johnson ( 7 )  and o t h e r s  (11 ) .  

CURRENT STATUS OF PROGRAM 

Under c u r r e n t  ERDA sponsor sh ip ,  s e v e r a l  c a t a l y s t  sys tems a r e  t o  be eva lua ted  a s  
a l t e r n a t i v e s  t o  t h e  system comprising o f  NaOH and CaO. The o b j e c t i v e  i s  t o  minimize 
t h e  c o s t  of SNG o r  medium-Btu gas  p roduc t ion  from h igh- su l fu r  caking  c o a l s .  

P r e s e n t l y ,  t h e  c a t a l y s t  system compr is ing  of CaO a l o n e  i s  be ing  eva lua ted  i n  d e t a i l .  
S ince  no NaOH is requ i r ed  i n  t h i s  p r o c e s s ,  t h e r e  i s  no  need f o r  washing of  BTC o r  
r egene ra t ion  of spent  l eachan t .  Fur thermore ,  t h e  h igh-pressure  s l u r r y  con ta in ing  BTC,  
water  and t h e  c a t a l y s t  may be s l u r r y - f e d  t o  a g a s i f i e r .  
CaO system have been very  encouraging. 

The r e s u l t s  t o  d a t e  w i t h  the  

CONCLUSIONS 

The d a t a  on t h e  B a t t e l l e  t r ea tmen t  of  c o a l  w i th  C a O  i n  t h e  presence  o f  NaOH shows 
t h a t  nonagglomerating BTC having  a ve ry  h igh  ( h y d r 0 ) g a s i f i c a t i o n  r e a c t i v i t y  compared 
t o  raw coa l  can be produced from r a w  c o a l  p a r t i c l e s  a s  l a r g e  a s  20 mesh. The maximum- 
p o s s i b l e  hydrogas i f i ca t ion  r e a c t i v i t y  o f  BTC i s  independent of raw coa l  p a r t i c l e  s i z e .  
But ,  -2Ot28  mesh c o a l  r e q u i r e s  about  t w i c e  a s  l ong  a t r ea tmen t  t ime as 70 pe rcen t  minus 
200 mesh c o a l  t o  ach ieve  t h e  maximum-possible r e a c t i v i t y .  The i n c r e a s e  i n  t h e  r e a c t i -  
v i t y  of coa l  due t o  t rea tment  is  accompanied by a dec rease  i n  t h e  tendency f o r  agglom- 
e r a t i o n  dur ing  h y d r o g a s i f i c a t i o n .  And, a t  t h e  t r ea tmen t  t ime r equ i r ed  t o  achieve  
maximum r e a c t i v i t y ,  t h e  agglomera t ion  tendency i s  comple te ly  e l imina ted .  The FSI of 
c o a l  p a r t i c l e s  a s  l a r g e  a s  0.25 inch  from P i t t s b u r g h  1 8  seam i s  found t o  h e  reduced 
from 8 t o  0 due t o  B a t t e l l e  t r ea tmen t .  

It has  been e s t a b l i s h e d  t h a t  t h e  BTC produced i n  a cont inuous  t r ea tmen t  p l a n t  has 
t h e  same (hydro )gas i f i ca t ion  p r o p e r t i e s  a s  BTC produced i n  a ba tch  r e a r t o r .  

Comparison of ( h y d r o ) g a s i f i c a t i o n  p r o p e r t i e s  o f  BTC and preoxid ized  coa l  frnm 
Synthane Process  shows t h a t  (a) ( h y d r o ) g d s i f i c a t i o n  r e a c t i v i t y  of BTC i s  much h ighe r ,  
(b) (hydr0 )gas i f i ca t ion  of BTC y i e l d s  s u b s t a n t i a l l y  g r e a t e r  q u a n t i t i e s  of  C2H4 and 
C?H6, and ( c )  t h e  equ iva len t  CH4 y i e l d  f o r  BTC i s  s i g n i f i c a n t l y  h ighe r  f o r  steam gasi-  
f i c a t i o n .  The BTC a l s o  r e t a i n s  most o f  t h e  s u l f u r  i n  cha r ,  probably i n  t h e  form of 
Cas,  dur ing  (hydr0 )gas i f i ca t ion .  Thus, combustion of char  from BTC is  n o t  expected 
t o  r e q u i r e  a n  SO2 sc rubbe r .  
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The hydrogasification rate analysis of the data shows that there is no deactiva- 
tion of BTC during hydrogasification in the post-devolatization regime up to a frac- 
tional conversion of 0.75 while raw coal reactivity declines almost exponentially 
with X. 

The above advantages of BTC over raw coal and preoxidized coal suggest that Battelle 
catalyst treatment should allow more reliable, environmentally-acceptable and more 
economic utilization of high-sulfur, Eastern U.S. coals. 
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FIGURE 3. SCHEMATIC OF THE BATCH-SOLIDS FLUID-BED GASIFIER 
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Bergbau-Forschung has been developing a coal gasification process for a 
number of years. In this process heat from a high-temperature, gas-cooled 
nuclear reactor is used as a source of energy for the endothermic steam-carbon 
reaction (1). All of the coal is thus converted to gas which is a real advantage 
in countries where the cost of coal is high such as is the case in the Federal 
Republic of Germany. 

As part of the development work on this process, the reaction of several 
different coal samples with steam, hydrogen and steam-hydrogen mixtures has been 
investigated extensively in the laboratory. The objective of this work is to 
develop information needed to design the gasifier used to carry out steam 
gasifiction of coal, particularly when hydrogen is present in the system. The 
results of this investigation with one particular coal, a hard or bituminous 
coal, is discussed here. During the course of the investigation, samples of this 
coal were gasified at various steam and hydrogen partial pressures in both pure 
gases and in steam-hydrogen mixtures. The total system pressure was varied 
between 1 and 70 atm and runs were conducted over a range of temperatures from 
600 to  1100°C. 

Apparatus and Procedure 

The experimental apparatus has been described previously ( 2 ) .  The coal 
sample was gasified in a small packed bed reactor that essentially behaved as a 
differential reactor (Fig. 1). Both isothermal and non-isothermal runs were 
conducted. During the isothermal runs, the system was heated to the desired 
temperature using a heating rate of about 200"C/min. The temperature was then 
held constant. During the non-isothermal runs, the temperature of the system was 
increased at a constant rate of lO"C/min. 

The gasification agent, namely steam, hydrogen or a mixture of both, was 
fed continuously to the system at a high rate so that the product gas concentration 
remained small. The products of the reaction were analysed continuously by a 
mass spectrometer. 
type A for gasification with steam and type B for gasification using steam-gas 
mixtures. 

The apparatus was designed for two different modes of operation, 

The coal used was a German bituminous coal, Hagen coal. Analytical data for 
this coal are shown in Table 1. 

Calculational Procedure 

The gas analyses from the mass spectrometer were processed directly by a 
laboratory computer and the carbon conversion was calculated from the amounts of 
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CH4, CO and C 0 2  i n  the product gas.  
were determined f o r  each of t he  g a s i f i c a t i o n  agents  using the  following rate 
expression: 

Kine t ic  cons tan ts  f o r  t he  gas i f i ca t ion  r a t e  

where XB = base carbon conversion as defined by Johnson (3)  
t = t i m e  
k = k ine t i c  cons tan t  

Several  o the r  r a t e  expressions were evaluated inc luding  the  one suggested by 
Johnson ( 3 ) .  Each of these  expressions included an  add i t iona l  term t o  t r y  t o  
account f o r  t he  decrease of r eac t ion  rate with carbon burn-off. However, none 
of the  expressions f i t  t he  d a t a  any b e t t e r  than equation 1, s o  only the  k ine t i c  
constants fo r  t h i s  r a t e  expression are reported here.  

Resul t s  and Discussion 

Steam gas i f i ca t ion  

agent ,  with the  temperature of t he  sample being ra i sed  from about 200 t o  llOO°C 
using a cons tan t  heating r a t e .  
10 a t m  and 2 a t  40 a t m .  The main components of t h e  product gas were Hg, CO and 
C02 a s  previously observed (2). 
and the  gas composition w a s  no t  g r e a t l y  a f f ec t ed  by the  t o t a l  pressure.  

Only non-isothermal runs were conducted with steam as the  gas i f i ca t ion  

Five steam g a s i f i c a t i o n  runs were made, 3 a t  

Small amounts of methane a l so  were produced, 

Since the  e f f e c t s  of coa l  d e v o l a t i l i z a t i o n  on the  product gas r a t e  and 
composition were important up t o  temperatures between 600 and 700"C, o n l y  the  
d a t a  above 70OoC were analyzed t o  ob ta in  k i n e t i c  cons tan ts .  This w a s  done by 
f i t t i n g  t h e  in tegra ted  form of equation 1 t o  the  base carbon conversion-time 
d a t a  assuming t h a t  the  Arrhenius equation described the  e f f e c t  of temperature on 
k. Values of t h e  frequency fac tor ,ko ,  and a c t i v a t i o n  energy, E ,  w e r e  therefore  
ca lcu la ted  from t h i s  procedure. These desc r ibe  the  t o t a l  rate of base carbon 
conversion i n  the  r eac to r .  I f  i t  is assumed t h a t  the  carbon dioxide is produced 
v i a  the  gas-phase water gas s h i f t  r eac t ion ,  then these parameters descr ibe  the  
r a t e  of t h e  carbon-steam reac t ion .  However, t he re  was no evidence t o  ind ica t e  
t h a t  t h i s  was t h e  t r u e  r eac t ion  sequence. 

The f i t  of equation 1 t o  the  carbon conversion da ta  was exce l l en t ,  as was 
t rue  of any of the equations used, and a co r re l a t ion  coe f f i c i en t  g rea t e r  than 
0.99 was obtained f o r  each run. 
used are shown i n  Table 2. 

Table 2 .  

Average va lues  of ko and E f o r  t he  two pressures  

Kine t ic  parameters f o r  steam g a s i f i c a t i o n  of Hagen coa l .  

Pressure,  atm ko, l lmin  E,  kcal/mol 

10 
40 

4 3 . 8  x 10 
1 . 3  103 

32 .0  
2 3 . 0  

Examination of the  k i n e t i c  parameters shown i n  Table 2 i nd ica t e s  t h a t  steam 
pressure a f f e c t s  the  gas i f i ca t ion  r a t e .  The k i n e t i c  cons tan t  f o r  steam gas i f ica-  
t i o n ,  kHZ0, was re la ted  t o  both steam pressure  and temperature by t he  following 
equation. 
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4 1.88 x l o 6  exp ( - 2 . 2 4  x 10 /T)PH~o 

1 + 1.56 x lo5 exp (-1.65 x 10 /T)PH O )  
4 kH20 

2 

Several runs were made with hagen coa l  a t  pressures l e s s  than 10  atm. 
Results from these runs were not adequately described by equation 2 ,  with the 
ind ica t ion  being tha t  t he  steam pressure  had only a small  e f f e c t  on gas i f i ca t ion  
r a t e  a t  pressures l e s s  than 10  a t m .  

Hydrogasification 

i n  th ree  s tages ,  devo la t i l i za t ion ,  rap id- ra te  methane formationand low-rate 
gas i f i ca t ion .  
devo la t i l i za t ion  and rap id- ra te  methane formation occur r ap id ly  and toge ther ,  
and are followed by low-rate gas i f i ca t ion  ( 3 ) .  Below 800"C, rap id- ra te  methane 
formation i s  slower and occurs over an extended period of t i m e  and is therefore  
more d i f f i c u l t  t o  separa te  from the  low-rate gas i f i ca t ion  per iod .  Resul t s  from 
the  gas i f i ca t ion  of Hagen coa l  with hydrogen qua l i t a t ive ly  f i t t e d  t h i s  descr ip t ion  
of hydrogasification. 
a series of isothermal experiments were conducted a t  10 and 70 a t m  and a t  tempera- 
t u re s  between 600 and 1150'C. Because of the  i n i t i a l  hea t ing  period, i t  was 
d i f f i c u l t  t o  draw conclusions about t he  period of rapid-ratemethane formation. 
However t h i s  period l a s t e d  f o r  l e s s  than 15  minutes once the  sample reached the  
reac t ion  temperature and therefore  da t a  taken a f t e r  t h i s  period w e r e  used along 
with equation 1 t o  determine k ine t i c  cons tan ts  for  low-rate hydrogas i f ica t ion .  
The product gas w a s  genera l ly  pure methane during t h i s  period, i nd ica t ing  t h a t  
the  only reac t ion  taking place i n  the  system w a s  t h a t  between C and H 2  t o  form 
CH4. 
below, the  product gas contained some CO.  

There seems t o  be general  agreement t h a t  hydrogas i f ica t ion  of coa l  occurs 

I f  the coa l  sample i s  heated rap id ly  t o  temperatures above 8OO0C, 

To determine the  rate of hydrogas i f ica t ion  of Hagen coa l ,  

I n  a few of the  runs ,  p a r t i c u l a r l y  a t  10 a t m  and temperatures of 70OoC o r  

The co r re l a t ion  coe f f i c i en t s  obtained with equation 1 were again g rea t e r  
than 0.99 for  a l l  runs. The gas i f i ca t ion  r a t e  seemed t o  decrease s l i g h t l y  with 
increas ing  carbon conversion, bu t  equation 1 s t i l l  represented the  d a t a  a s  wel l  
as any of the equations t r i e d .  
were derived from the  va lues  of the  k i n e t i c  cons tan ts  and are shown i n  Table 3 .  

Table 3 .  Kinetic parameters f o r  hydrogas i f ica t ion  of Hagen coa l .  

Values of ko and E f o r  the  two pressures  used 

E, kcal/mol Correlation 
coef f . Pressure,  atm No. of runs ko, l /min 

10  10 1 . 2 8  15.6 -0.987 
70 1 4  3 2 . 1  17.8 -0.978 
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The hydrogen pressure  s t rongly  a f f e c t s  t he  hydrogas i f ica t ion  ra te .  The 
e f f e c t  of temperature and pressure  were co r re l a t ed  using equation 3, which i s  
s imi la r  i n  form t o  equations suggested by seve ra l  o ther  i nves t iga to r s  (3 ,4) .  

0.00402 exp (-5200/T)P2 
H, 

kHz = 1 + 0.00648 exp (4100/T);H 
2 

3) 

Gas i f ica t ion  with Steam -H3 Mixtures 

fo r  steam gas i f i ca t ion ,  a series of isothermal runs w a s  ca r r i ed  out  over the  
temperature range from 700 t o  1100°C. Tota l  p ressures  of 10  and 40 a t m  were 
used, with hydrogen p a r t i a l  p ressures  between 1 . 7  and 32 a t m .  

To determine the e f f e c t  of hydrogen p a r t i a l  p ressure  on t h e  r a t e  cons tan t  

Equation 1 w a s  aga in  used t o  determine k i n e t i c  cons tan ts  from the  base 
carbon conversion-time da ta .  Data taken during the  run  a f t e r  t he  f i r s t  15 minutes 
a t  temperature were used i n  the  ca l cu la t ions  so a s  t o  avoid t h e  e f f e c t  o f  the  
rap id- ra te  methanation period. Corre la t ion  coe f f i c i en t s  g rea t e r  than 0.99 were 
obtained f o r  a l l  runs. 

Several  i nves t iga to r s  have t r ea t ed  the  k i n e t i c  da t a  from coa l  gas i f i ca t ion  
with H2-H20 mixtures by assuming t h a t  t h ree  bas i c  r eac t ions  were occuring (3,5,6).  
However, t o  s impl i fy  the  ca l cu la t iona l  procedure, i t  was assumed t h a t  t h e  only 
reac t ions  occurring with Hagen coa l  were the  two t h a t  would occur i n  e i t h e r  pure 
steam o r  hydrogen. The ra te  of steam gas i f i ca t ion  i n  the  H2-H20 mixture,  then, 
assuming t h a t  t he  r a t e  of hydrogas i f ica t ion  is independent of steam p a r t i a l  
pressure,  w a s  t he  d i f f e rence  between the  measured r a t e  cons tan t  and the  r a t e  
constant f o r  the  carbon-hydrogen r eac t ion  under the  same opera t ing  condi t ions .  
The l a t t e r  w a s  ca lcu la ted  from equation 3 and w a s  genera l ly  less than 10% of the  
measured rate cons tan t .  

The da ta  taken a t  va r ious  hydrogen and steam p a r t i a l  p ressures  and a t  800 
and 900°C were examined and t h e  following equation was derived t o  descr ibe  the  
e f f e c t s  of temperature and the  p a r t i a l  p ressure  of each gas.  

4 1.88 x l o 6  exp ( - 2 . 2 4  x 10  /T )PH~O 

5 4 (1 + 1.56 x 10  exp (-1.65 x 10 /T)P  + 3620 exp (-9830/T)PH ) 4) k ~ 2 - ~ 2 ~  - 
H2° 2 

Temperature has the l a r g e s t  e f f e c t  on the gas i f i ca t ion  r a t e  i n  s t e a m -  
hydrogen mixtures.  
pressure are ignored, t h e  k i n e t i c  cons tan ts  can be f i t t e d  with the  Arrhenius 
equation with a co r re l a t ion  coe f f i c i en t  of -0.904. The r e s u l t i n g  ac t iva t ion  
energy i s  33,400 cal/mol and t h e  frequency f ac to r  is 2.51 x l o 4  l /min. 

In f a c t ,  i f  t h e  e f f e c t  of steam and hydrogen p a r t i a l  

Conclusions 

The rate of g a s i f i c a t i o n  of a bituminous coa l  sample i n  steam, hydrogen and 
steam-hydrogen mixtures has been measured and the  r a t e s  co r re l a t ed  by assuming 
t h a t  the base  carbon conversion r a t e  was proportional t o  t h e  amount of base carbon 
present.  Expressions were then found to descr ibe  the  e f f e c t s  of temperature and 
steam and hydrogen p a r t i a l  p ressures  on t h e  r a t e  constants fo r  t he  steam-carbon 
and hydrogen-carbon reac t ions .  
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Table 1. Coal ana lyses .  

Hagen 

Proximate ana lys i s ,  w t . %  

Vo la t i l e  Matter (maf) 

Mo is  t ur e 

Ash (mf) 

3 9 . 2  

3 . 7  

6 . 3  

Ultimate ana lys i s ,  w t . %  

Carbon (maf) 82.0 

Hydrogen (maf) 5.0 

Oxygen (maf) 8.2 

Nitrogen (maf) 1 .5  

Sulfur  (mf) 2 . 7  

Figure 1. Experimental Apparatus. 
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S t e a m  g a s i f i c a t i o n  o f  coal i n  a n  i n t e r n a l l y  h e a t e d  f l u i d i z e d  b e d  

P . P .  F e i s t e l ,  K .  H .  v a n  Heek,  a n d  H .  J u n t g e n  
Bergbau-Forchung CmbH, 4300 Essen 1, Germany 

A b s t r a c t  

A p r o c e s s  i s  b e i n g  d e v e l o p e d  f o r  t h e  s t e a m  g a s i f i c a t i o n  o f  coa l  
u s i n g  h e a t  f r o m  a h i g h  t e m p e r a t u r e ,  g a s  c o o l e d  n u c l e a r  reactor .  
To produce t h e  i n f o r m a t i o n  n e e d e d  t o  d e s i g n  s u c h  a s y s t e m ,  a 
1 0  c m  d i a m e t e r ,  i n t e r n a l l y  heated f l u i d i z e d  b e d  w a s  c o n s t r u c t e d  a n d  

h a s  been  i n  o p e r a t i o n  f o r  s e v e r a l  y e a r s .  A v a r i e t y  o f  coals 
h a v e  been g a s i f i e d  w i t h  s t e a m  i n  t h i s  d e v i c e  a t  p r e s s u r e s  u p  t o  
4 0  b a r  a n d  t e m p e r a t u r e s  b e t w e e n  100 a n d  9 0 0  OC. 

Gas c o m p o s i t i o n s ,  g a s  y i e l d s ,  h e a t s  o f  r e a c t i o n  a n d  steam decom- 

p o s i t i o n s  h a v e  b e e n  d e t e r m i n e d  i n  t h e  f l u i d i z e d  bed  as a f u n c t i o n  

o f  t h e  o p e r a t i n g  c o n d i t i o n s .  C a r b o n  g a s i f i c a t i o n  ra tes  h a v e  b e e n  

d e r i v e d  f r o m  t h i s  d a t a  a n d  t h e  v a r i a t i o n  i n  g a s  c o m p o s i t i o n  h a s  

b e e n  c o r r e l a t e d  u s i n g  " t e m p e r a t u r e  a p p r o a c h "  f u n c t i o n s .  The e f f e c t  

o f  t h e  o p e r a t i n g  c o n d i t i o n s  o n  f l u i d i z e d  b e d  d e n s i t y  a n d  h e a t  

t r a n s f e r  c o e f f i c i e n t  a l so  h a s  b e e n  i n v e s t i g a t e d .  

1 .  G e n e r a l  c o n s i d e r a t i o n s  t o  a n  a l l o t h e r m a l  p r o c e s s  

B e r g b a u - F o r s c h u n g  GmbH E s s e n  d e v e l o p s  a p r o c e s s  f o r  steam g a s i f i -  

c a t i o n  o f  coal b y  u s i n g  p r o c e s s  h e a t  f rom h i g h  t e m p e r a t u r e  n u c l e a r  

reactors .  T h i s  r e q u i r e s  r e s e a r c h  a n d  d e v e l o p m e n t  i n  t h e  f i e l d  o f  

a l l o t h e r m a l  g a s  g e n e r a t o r s .  The  e n v i s a g e d  a l l o t h e r m a l  g a s  g e n e r a t o r  

i s  h e a t e d  by  a n  i n t e r n a l l y  moun ted  b u n d l e  o f  h e a t  e x c h a n g i n g  

t u b e s  wh ich  are  f l o w n  t h r o u g h  by t h e  g a s e o u s  reactor c o o l a n t  

h e l i u m  . A s  t h e  h e l i u m  p r e s s u r e  a m o u n t s  t o  4 0  b a r  t h e  steam 
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g a s i f i c a t i o n  i s  p e r f o r m e d  a t  t h e  same p r e s s u r e .  T o  a t t a i n  

good h e a t  t r a n s f e r  t h e  h e a t  e x c h a n g e r  i s  l o c a t e d  w i t h i n  a 
f l u i d i z e d  b e d  o f  coal  a n d  steam { 1 , 2 , 3 ) .  The coal t h r o u g h p u t  

o f  s u c h  a n  a l l o t h e r m a l  g a s  g e n e r a t o r  i s  d e t e r m i n e d  by  t h e  

h e a t  b a l a n c e  ( f i g .  1 ) .  F o r  a f i r s t  e v a l u a t i o n  o f  t h e  h e a t  

b a l a n c e  a s s u m p t i o n s  had t o  be  made c o n c e r n i n g  

- t h e  r e a c t i o n  h e a t  and  i t s  d e p e n d e n c e  o n  g a s  a n a l y s  

- t h e  k i n e t i c  c o n s t a n t s  o f  d i f f e r e n t  f e e d s t o c k s  I 4 , 5  

s ,  

6 )  I 

- t h e  h e a t  t r a n s f e r  f r o m  t h e  h e a t  e x c h a n g e r  i n t o  t h e  f l u i d i z e d  

b e d ,  and  

- t h e  d e n s i t y  o f  t h e  f l u i d i z e d  bed a t  h i g h  t e m p e r a t u r e s  and 

p r e s s u r e s .  

I n  t h e  m e a n w h i l e  e x p e r i m e n t s  h a v e  b e e n  c a r r i e d  o u t  t o  m e a s u r e  t h e  

a b o v e  m e n t i o n e d  q u a n t i t i e s  and t h e i r  d e p e n d e n c e  o n  o p e r a t i n g  

c o n d i t i o n s  as  t e m p e r a t u r e ,  p r e s s u r e ,  a n d  steam e x c e s s .  

2 .  E x p e r i m e n t a l  

B e r g b a u - F o r s c h u n g  GmbH o p e r a t e s  s i n c e  1 9 7 3  a s m a l l  scale p i l o t  

p l a n t  i n  w h i c h  coal or c a r b o n i z e d  c o a l  i s  g a s i f i e d  i n  a n  i n t e r -  

n a l l y  h e a t e d  f l u i d i z e d  b e d  a t  h i g h  t e m p e r a t u r e s  a n d  p r e s s u r e s  

( a p p r o x .  1 k g / h ) .  The e x p e r i m e n t a l  s e t  u p  i s  r J i v e n  i n  f i g .  2 .  

S t eam i s  r a i s e d ,  s u p e r h e a t e d  e l e c t r i c a l l y  a n d  f e d  t h r o u g h  

a g r i d  i n t o  t h e  r e a c t i o n  vo lume ,  w h e r e  a f l u i d i z e d  bed i s  main-  

t a i n e d .  . The f e e d s t o c k  i s  d o s e d  f rom a b o v e  by means  o f  a 
r o t a t i n g  p o c k e t  t y p e  v a l v e .  The c r u d e  g a s  i s  t h e n  p a s s e d  

t h r o u g h  a c y c l o n  a n d  a c e r a m i c  f i l t e r  f o r  t h e  s e p a r a t i o n  o f  

p a r t i c l e s  i s  t h e n  c o o l e d  w i t h  a i r ,  d e p r e s s u r i z e d ,  d r i e d ;  

v o l u m e t r , k a l l y  metered a n d  c o n t i n o u s l y  a n a l y z e d  by mass s p e c t r o -  

m e t e r .  
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The  r e a c t i o n  vo lume  o f  t h e  g a s  g e n e r a t o r  i s  c y l i n d r i c a l l y  

s h a p e d  ( pl 100 mm, h e a t e d  he ight  4 0 0  m m ) .  The r e a c t i o n  h e a t  

n e c e s s a r y  f o r  e n d o t h e r m a l  s t e a m  g a s i f i c a t i o n  is g e n e r a t e d  by 

a n  e l e c t r i c a l l y  h e a t e d  m e t a l l i c  s p i r a l .  T h i s  so c a l l e d  i m -  

n e i g h b o r h o o d  t o  t h e  i n s u l a t i o n .  The d i a m e t e r  o f  t h e  s p i r a l  

(80 mm) c o r r e s p o n d s  to  t h e  d i s t a n c e  of t h e  h e a t  e x c h a n g i n g  

t u b e s  i n  a l a r g e  scale g a s i f i e r .  

m e r s i o n  h e a t e r  i s  moun ted  w i t h i n  t h e  f l u i d i z e d  bed i n  d i r e c t  

F i g .  3 i l l u s t r a t e s  how t h e  h e a t  t r a n s f e r  f r o m  t h e  h e a t  e x c h a n g e r  

i n t o  t h e  f l u i d i z e d  bed  is m e a s u r e d .  A t o p  view of t h e  r e a c t i o n  

volume and  t h e  h e a t  e x c h a n g e r  i s  g i v e n ,  t h e  l a t t e r o n e  

h a s  a t o t a l  s u r f a c e  a r e a  A a n d  g e n e r a t e s  a n  e lec t r ica l  power P. 

By two t h e r m u o u p l e s ,  o n e  o f  w h i c h  h a s  d i r e c t  c o n t a c t  w i t h  

t h e  h e a t  e x c h a n g e r  a n d  t h e  o t h e r  o n e  i s  moun ted  o n  h a l f  of t h e  

r a d i u s ,  a n  e f f e c t i v e  t e m p e r a t u r e  d i f f e r e n c e  c a n  b e  d e t e r m i n e d .  

The  e x p e r i m e n t s  a l r e a d y  p e r f o r m e d  h a v e  shown,  t h a t  j u s t  t h e  

t e m p e r a t u r e  a t  h a l f  t h e  r a d i u s  c a n  b e  u s e d  as f i r s t  o r d e r  

a p p r o x i m a t i o n  f o r  t hemean  t e m p e r a t u r e  of t h e  f l u i d i z e d  bed  . 
The h e a t  t r a n s f e r  c o e f f i c i e n t  a is  t h e n  c a l c u l a t e d  b y  t h e  

e q u a t i o n  g i v e n  i n  f i g .  3 :  P = a . A . ( T 1 - ~ * ) .  

The d e v i c e s  f o r  d e t e r m i n a t i o n  of h e i g h t  a n d  d e n s i t y  o f  t h e  

f l u i d i z e d  bed a r e  shown s d r m a t i c a l l y  i n  f i g .  4 .  By means of t h r e e  

p r e s s u r e  m e a s u r i n g  t u b e s , t h e  f i r s t  o f  w h i c h  i s  moun ted  d i r e c t l y  

a b o v e  t h e  g r i d , t h e  s e c o n d  180 mm a b o v e  a n d  t h e  t h i r d  i n  t h e  

f r e e b o a r d  t w o  p r e s s u r e  d i f f e r e n c e s  a r e  g i v e n .  A s  t h e  m e a s u r e d  

p r e s s u r e  d i f f e r e n c e  Apl b e l o n g s  t o  t h e  known height  h i  t h e  a c t u a l  

height  h of t h e  f l u i d i z e d  bed  c a n  b e  c a l c u l a t e d .  U s i n g  t h e n  t h e  

f o r m u l a  for  t h e  h y d r o s t a t i c  p r e s s u r e  t h e  d e n s i t y  of t h e  

f l u i d i z e d  bed follows. 
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3 .  R e s u l t s  

3 . 1 .  G a s  c o m p o s i t i o n  a n d  t h e r m o d y n a m i c  c a l c u l a t i o n s  

D u r i n g  a r u n  a n  o n - l i n e  p r o c e s s  c o m p u t e r  

c a . 1 c u l a t e s  f o r  i n s t a n c e  ( 7 1 :  

- t h e  f r e q u e n c y  o f  coal f e e d i n g ,  

- t h e  c o n t e n t  o f  t h e  gas g e n e r a t o r ,  

- t h e  a b s o l u t e  c a r b o n  c o n v e r s i o n ,  

t h e  r e l a t i v e  c a r b o n  c o n v e r s i o n ,  

- t h e  c o m p o s i t i o n  o f  t h e  d r y  p r o d u c t  g a s ,  

- t h e  steam v e l o c i t y  i n  t h e  g a s i f i e r ,  

- t h e  molar steam c a r b o n  r a t i o n  i n  t h e  g a s e o u s  p h a s e  

- t h e  steam d e c o m p o s i t i o n .  

F i g .  5 shows d a t a  c o n c e r n i n g  g a s  p r o d u c t i o n  and  g a s  c o m p o s i t i o n  

d u r i n g  t h e  f i r s t  500 m i n u t e s  Of  a r u n  a t  4 0  b a r  a n d  
750 OC w i t h  

The p a r t i c l e  s i z e s  u s e d  w e r e  .C 0 , 5  mm. The lower p a r t  of t h e  

p i c t u r e  shows t h a t  a f t e r  a b o u t  2 0 0  m i n u t e s  t h e  g a s  c o m p o s i t i o n  

h a s  b e e n  e s s e n t i a l l y  c o n s t a n t  a n d  t h e  d r y  p r o d u c t  gas c o n s i s t e d  

of  a b o u t  50 % H 2 ,  2 6  % CO,  1 6  % C 0 2  a n d  8 % C H 4 .  

c a r b o n i z e d  h i g h  v o l a t i l e  b i t u m i n o u s  coal " L e o p o l d " .  

Runs w i t h  c a r b o n i z e d  R h e n i s h  l i g n i t e  show more C o 2  

and H 2  

a l m o s t  c o m p l e t e  c o n v e r s i o n  o f  CO t o  C 0 2  w h i c h  

e x p e c t e d  f o r t h e r m o d y n a m i c  r e a s o n s  i s  t h e  r e l a t i v e l y  h i g h  amount 

of c a t a l y t i c a l l y  e f f e c t i v  s u b s t a n c e s  i n  t h e  m i n e r a l  matter o f  

R h e n i s h  l i g n i t e  w h i c h  i n c r e a s e s  t h e  r e a c t i o n  r a t e  o n  t h e  o n e  hand 

and s h i f t s  t h e  g a s  c o m p o s i t i o n  more t o w a r d  the rmodynamic  

e q u i l i b r i u m  o n  t h e  o t h e r  h a n d .  

b u t  less  CO a n d  C H 4 .  The r e a s o n  f o r  t h i s  

i s  t o  b e  
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The thermodynamics of steam gasification of coal in the 
absence of free oxygen can be aescribed by three linearly 
independent reactions, as for instance: 

C + H20 <* CO + H 2  ( 1 )  

CO + H 2 0  <- C 0 2  + H2 ( 2 )  

CO +- 3 H 2  <* CH4 + H20 ( 3 )  

The homogeneous system is determined by two linearly indepen- 

dent reactionsas for instance ( 2 )  and (3). 

Fictitious equilibrium constants can then be calculated from 
the crudegas + s  for instance for reaction ( 3 )  

and lead to fictitious equilibrium temperatures {8l.Doing 
pure thermodynamic calculations the equilibrium temperatures 
for all reactions us& and the reaction temperature coincide. 

To account for deviations from equilibrium one has to allow 
different equilibrium temperatures Q ' G .  These temperatures 2 G  

are generally not correlated with each other and do not coincide 
P with the reaction temperatureL R. The difference 

is called approach-value of the individual reaction and does 
depend implicitly on pressure, steam-carbon-ratio, feedstock 

and experimental set-up. 

The gas composition in a system at thermodynamic equilibrium 
is given by reaction temperature and pressure. At non-equilibrium 
the approach-values B r  each of the linearly independent reactions 
at operating conditions must be known additionally. This 
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knowledge  i s  now a v a i l a b l e  f o r  some coa ls  b e i n g  g a s i f i e d  i n  

o u r  s m a l l  scale  p i l o t  p l a n t  and is u s e d  n o t  o n l y  f o r  t h e  

r e p r e s e n t a t i o n  o f  t h e  e x p e r i m e n t a l  r e s u l t s ,  b u t  a l s o  f o r  t h e  

p r e d i c t i o n  o f  o p e r a t i n g  c o n d i t i o n s  i n  l a r g e  scale  g a s  g e n e r a f o r s .  

Some r e s u l t s  o f  o u r  c a l c u l a t i o n s  a re  g i v e n  i n  f i g .  6 .  F i g .  6 a  

shows t h e  C H 4 - c o n t e n t  i n  t h e  d r y  p r o d u c t  g a s  a s  a f u n c t i o n  of 

t h e  s t e a m - c a r b o n - r a t i o  a n d  t h e  r e a c t i o n  t e m p e r a t u r e .  I t  f o l l o w s  

t h a t  m e t h a n e  c o n t e n t s  of 1 5  % w i l l  b e  a c h i e v e d  a t  s t eam-ca rbon :  

r a t i o s  o f  10 and r e a c t i o n  t e m p e r a t u r e s  o f  800 OC, w h e r e a s  t h e  

m e t h a n e  c o n t e n t  d e c r e a s e s  t o  v a l u e s  smaller t h a n  1 % w i t h  h i g h e r  

s t e a m - c a r b o n - r a t i o s  a n d  h i g h e r  t e m p e r a t u r e s .  As m e t h a n e  f o r m a t i o n  

i s  s t r o n g l y  e x o t h e r m a l  t h e  o v e r a l l  s t e a m  g a s i f i c a t i o n  r e a c t i o n  

h e a t  d e c r e a s e s  w i t h  i n c r e a s i n g  m e t h a n e  c o n t e n t  i n  t h e  p r o d u c t  

gas. A c c o r d i n g  t o  f i g .  6b t h e  r e a c t i o n  h e a t  a t  low te rn! ,e ra tures  

a n d  l o w  s t e a m - c a r b o n - r a t i o s  is less than 1000 k c a l / k g  f e e d s t o c k ,  

w h e r e a s  a t  h i g h  s t e a m - c a r b o n - r a t i o s  a n d  h i g h  t e m p e r a t u r e s  i t  

a t t a i n s  a b o u t  1500 k c a l / k g  f e e d s t o c k .  I n  f i g .  6 c  d a t a  f o r  steam 
d e c o m p o s i t i o n  a re  g i v e n .  I t  f o l l o w s  t h a t  a . s t e a m  d e c o m p o s i t i o n  

o f  a b o u t  10 % and more c a n  b e  a t t a i n e d  i n  o u r  s m a l l  s ca l e  p i l o t  

p l a n t  a t  s t e a m - c a r b o n - r a t i o s  o f  10 and g a s i f i c a t i o n  t e m p e r a t u r e s  

o f  800 OC. A c o n s e r v a t i v e  e x t r a p o l a t i o n  o f  t h e s e  d a t a  f r o m  t h e  

h e i g h t  of t h e  f l u i d i z e d  bed  u s e d  h e r e  ( 4 0  c m )  t o  t h e  h e i g h t  o f  

a f l u i d i z e d  bed  i n  a commercial scale  g a s i f i e r  ( 3  m )  shows t h a t  

d e g r e e s  of steam decomposi t ion  of more t h a n  30 % c a n  be e x p e c t e d .  

3 . 2  R e a c t i o n  k i n e t i c s  a n d  m e a n  g a s i f i c a t i o n  t e m p e r a t u r e  

The r e a c t i o n  r a t e  c o n s t a n t  u s e d  h e r e  i n d i c a t e s  wha t  p e r c e n t a g e  

o f  c a r b o n  i n  t h e  s o l i d  p h a s e  i s  c o n v e r t e d  i n t o  t h e  g a s e o u s  p h a s e  

by h e t e r o g e n e o u s  r e a c t i o n s  as for i n s t a n c e  by  ( 1 ) .  T h e  r e a c t i o n  

r a t e  d e f i n e d  t h i s  way a n d  a l l  k i n e t i c  c o n s t a n t s  derived f r o m  i t  

d e p e n d  i m p l i c i t l y  o n  t h e  c o m p o s i t i o n  o f  t h e  g a s e o u s  p h a s e  d u e  t o  
t h e  c o u p l i n g  b e t w e e n  h e t e r o g e n e o u s  a n d  homogeneous r e a c t i o n s .  
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F i g .  7 shows d a t a  c o n c e r n i n g  t h e  r e a c t i o n  r a t e  c o n s t a n t s ' a t  

v a r i o u s  t e m p e r a t u r e s  u s i n g  c a r b o n i z e d  h i g h  v o l a t i l e  c o a l  

"Hagen" a s  f e e d s t o c k .  A t  t e m p e r a t u r e s  b e t w e e n  750 a n d  860  OC 

t h e  r e a c t i o n  r a t e  c o n s t a n t s  i n  t h e  f l u i d i z e d  b e d  v a r y  

be ' tween 0 , 5  a n d  4 , 2  % C/min.  I n  a l a b o r a t o r y  scale  f i x e d  bed  

d i f f e r e n t i a l  reactor s l i o h t l y  higher v a l u e s  were m e a s u r e d .  The 

f o l l o w i n g  e x p l a n a t i o n  i s  s u g g e s t e d :  I n  a d i f f e r e n t i a l  r eac to r  
t h e  c o n c e n t r a t i o n  o f  p r o d u c t  g a s  c o m p o n e n t s  i s  n e g l i g i b l e  a n d  

t h e r e f o r e  no backward  r e a c t i o n s t a k e  p l a c e .  I n  t h e  u p p e r  l a y e r s  

o f  t h e  f l u i d i z e d  b e d ,  h o w e v e r ,  h y d r o g e n  i n  t h e  r a n g e  o f  some 
p e r c e n t a g e s  is p r e s e n t .  T h e r e f o r e  t h e  r e a c t i o n  ra te  c o n s t a n t s  

from t h e  u p p e r  p a r t  o f  t h e  f l u i d i z e d  b e d  s h o u l d  b e  compared  

w i t h  c o r r e s p o n d i n g  l a b o r a t o r y  v a l u e s  u s i n g  m i x t u r e s  of steam 
a n d  h y d r o g e n  as g a s i f y i n g  a g e n t .  E x p e r i m e n t s  c a r r i e d  o u t  u n d e r  

t h i s  a s p e c t  showed t h a t  u s i n g  carbonized h i g h  v o l a t i l e  coal 

t h e  r e a c t i o n  r a t e  d e c r e a s e s  when h y d r o q e n  i s  a d d e d  { 9 ) .  

I n  a l a b o r a t o r y  scale  d i f f e r e n t i a l  reactor  t h e  q a s i f i c a t i o n  t e m -  

D e r a t u r e  c a n  b e d e t e r m i n e d  by a s i n g l e  t h e r n o c o u g 1 . e .  I n  c o n t r a s t  

t o  t h i s  a t h r e e - d i m e n s i o n a l  t e m p e r a t u r e  f i e l d  e x i s e i n  t h e  

i n t e r i o r  o f  t h e  f l u i d i z e d  b e d  r e a c t o r  u s e d  h e r e .  12 t h e r m o -  

c o u p l e s  are  u s e d  t o  d e t e r m i n e  t h i s  f i e l d  . F i q .  8 shows  t h e  

t e m p e r a t u r e  v a r i a t i o n  1 8 5  mm a b o v e  t h e  g r i d  . The  t e m p e r a t u r e  

i s  t h e  h i g h e s t  i n  t h e  n e i g h b o r h o o d  o f  t h e  e l e c t r i c a l l y  h e a t e d  

s p i r a l  a n d  d e c r e a s e s  t o w a r d s  t h e  c e n t e r  o f  t h e  f l u i d i z e d  b e d .  

The d e c r e a s e  i s  e s p e c i a l l y  marked a t  l o w  steam v e l o c i t y .  U s i n g  

p a r t i c l e  s i z e s  b e t w e e n  0 , l  and  0 , 5  nun a steam v e l o c i t y  o f  11 c m /  
sec i s  j u s t  s u f f i c i e n t  for? f l u i d i z a t i o n  w h e r e a s  t h e  f l u i d i z e d  bed  

c o l l a p s e s  a t  steam v e l o c i t i e s  o f  0 cm/sec. E x p e r i m e n t s  w i t h  

e v e n  smaller p a r t i c l e  s i z e s  showed t h a t  U s i n g  a S i e v e  

f r a c t i o n  < 0,1 mm steam v e l o c i t i e s  o f  3 cm/sec a r e  s u f f i c i e n t  

f o r  f l u i d i z a t i o n  a t  4 0  b a r .  
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C o n c e r n i n g  t h e  c a l c u l a t i o n  of a mean t e m p e r a t u r e  o f  t h e  f l u i d i z e d  

bed a f i r s t  a p p r o x i m a t i o n  is t h e  i n t e g r a t i o n  o f  t h e  t e m p e r a -  

t u r e  d i s t r i b u t i o n  o v e r  t h e  r e a c t i o n  vo lume .  T h u s  a g e o m e t r i c  

mean v a l u e  i s  r e c e i v e d  w h i c h  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h a t  

t h e  g a s i f i c a t i o n  t e m p e r a t u r e  d e p e n d s  e x p o n e n t i o n a l l y  o n  t e m p e r a -  

t u r e  a n d  t h u s  t h e  v o l u m e  e l e m e n t s  i n  t h e  n e i g h b o r h o o d  o f  t h e  

h e a t  e x c h a n g e r  add more to t h e  g a s i f i c a t i o n  t h r o u g h p u t  t h a n  t h e  

c o l d e r  e l e m e n t s  i n  t h e  c e n t e r  o f  t h e  f l u i d i z e d  b e d .  T h e r e f o r e  

a l o g a r i t h m i c  a v e r a y i n g  h a s  t o  b e  p e r f o r m e d  f o r  w h i c h  t h e  

a c t i v a t i o n  e n e r g y  m u s t  b e  known. The  a c t i v a t i o n  e n e r g y ,  however ,  

can o n l y  b e  d e t e r m i n e d  when t h e  l o g a r i t h m i c  g a s i f i c a t i o n  t e m p e r a -  

t u r e  i s  known. T h i s  p r o b l e m  i s  s o l v e d  by  i t e r a t i o n .  

3 . 3  Heat t r a n s f e r  

The steam v e l o c i t y  d o e s  i n f l u e n c e  n o t  o n l y  t h e  h o r i z o n t a l  t e m p e r a -  

t u r e  p r o f i l e s ,  b u t  a l s o  t h e  h e a t  t r a n s f e r  f r o m  t h e  h e a t  e x c h a n g e r  

i n t o  t h e  f l u i d i z e d  b e d .  I n  f i g .  9 steam v e l o c i t y  w a n d  h e a t  

t r a n f e r  c o e f f i c i e n t  a a r e  g i v e n  d u r i n g  a n  e x p e r i m e n t  a t  4 0  b a r  

a n d  830  OC. D u r i n g  t h i s  r u n  c a r b o n i z e d  h i g h  v o l a t i l e  b i t u m i n o u s  

c o a l  " L e o p o l d "  smaller 0 , l  mm was g a s i f i e d .  The h e a t  

t r a n s f e r  c o e f f i c i e n t  a was  c a l c u l a t e d  a c c o r d i n g  t o  f i g .  3 .  

Between 7 0  a n d  2 7 0  m i n u t e s  a n d  u s i n g  a steam v e l o c i t y  of  a b o u t  

4 cm/sec  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  d e c r e a s e d  f r o m  1 2 0 0  t o  
900 kca l /m2hoC.  T h i s  c a n  b e  a t t r i b u t e d  t o  a n  e n r i c h m e n t  o f  a s h  

w i t h i n  t h e  g a s  g e n e r a t o r .  The d i v i s i o n  o f  a i n t o a r a d i a t i v e  a n d  

a c o n v e c t i v e  p a r t  s h a l l  n o t  be d i s c u s s e d  h e r e .  I n  f i g .  10 t h e  

d e p e n d a n c e  o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a o n  steam v e l o c i t y  w 

i s  shown f o r  t w o  d i f f e r e n t  p a r t i c l e  s i z e s .  The s t e e p  increase  
a n d  t h e  s u b s e q u e n t  maximum i s  known [ l o ,  1 1 1 .  Our e x p e r i m e n t s  

a t  h i g h  t e m p e r a t u r e s  a n d  h i g h  p r e s s u r e s ,  h o w e v e r ,  d o  n o t  c o v e r  

t h e  r e g i o n  a t  v e r y  h i g h  steam v e l o c i t i e s  a n d  t h e  t r a n s i t i o n  b e t -  

ween f i x e d  bed  a n d  f l u i d i z e d  b e d  a t  low steam v e l o c i t i e s .  Our 
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66 



- 9 -  

e x p e r i m e n t s  show as  a p e c u l i a r i t y  t h a t  aMAX i s  smaller f o r  

smaller p a r t i c l e s .  T h i s  c a n  b e  by  e x p l a i n e d  by  h e a t  e x c h a n g e r  

f o w l i n g .  

3 . 4  D e n s i t y  o f  t h e  f l u i d i z e d  bed 

F i g .  1 1  shows t h e  t i m e  d e p e n d a n c e  o f  t h e  p r e s s u r e  d i f f e r e n c e s  

Ap and  Apl d u r i n g  a r u n  a t  4 0  b a r  u s i n g  carbonized 

b i t u m i n o u s  c o a l .  B o t h  p r e s s u r e  d i f f e r e n c e s  i n c r e a s e  s i m u l t a n e o u s l y  

i n  t h e  b e g i n n i n g  till 

e s s e n t i a l l y  c o n s t a n t ,  w h e r e a s  Ap i n c r e a s e s  f u r t h e r  d u e  t o  

f e e d i n g .  As s o o n  as  t h e  d e s i r e d  h e i g h t  of t h e  f l u i d i z e d  bed  i s  

h i g h  v o l a t i l e  

h e i g h t  h l  i s  r e a c h e d ,  t h a n  A p l  r e m a i n s  

a t t a i n e d  t h e  f e e d i n g  is s t o p p e d .  Then Ap d e c r e a s e s  s l o w l y  d u e  

t o  g a s i f i c a t i o n  a n d  c a r r y - o v e r .  The p r e s s u r e  d i f f e r e n c e  Ap i s  
t h u s  d i r e c t  i n f o r m a t i o n  c o n c e r n i n g  t h e  h e i g h t  o f  t h e  f l u i d i z e d  

bed and  c a n  b e  u s e d  f o r  c o n t r o l l i n g  t h e  f r e q u e n c y  o f  feeding. 

The e v a l u a t i o n  of t h e  p r e s s u r e  d i f f e r e n c e s  a c c o r d i n g  t o  t h e  

e q u a t i o n s  g i v e n  i n  f i g .  4 show t h a t  t h e  d e n s i t y  of t h e  f l u i d i z e d  

bed u s i n g  c a r b o n i z e d  h i g h  v o l a t i l e  b i t u m i n o u s  i s  i n  t h e  r a n g e  

o f  300 kg/m . 3 

4. C o n c l u s i o n  

E x p e r i m e n t s  p e r f o r m e d  i n  a s m a l l  s ca l e  p i l o t  p l a n t  are  u s e d  f o r  

t h e  d e  t e r m i n a t i o n  o f  

- h e a t s  o f  r e a c t i o n ,  

- k i n e t i c  c o n s t a n t s ,  

- h e a t  t r a n s f e r  c o e f f i c i e n t s ,  

- d e n s i t i e s  o f  t h e  f l u i d i z e d  b e d .  
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Though f u r t h e r  e x p e r i m e n t s  h a v e  t o  be p e r f o r m e d  t h e  d a t a  

a l r e a d y  e x i s t i n g  a r e  u s e d  as b a s i s  f o r  e x t e n s i v e  c o m p u t e r  

s t u d i e s  a n d  s e n s i t i v i t y  a n a l y s e s ,  w h i c h  a re  n e c e s s a r y  fo r  t h e  

d e s i g n  a n d  o p t i m i z a t i o n  o f  a f u t u r e  l a r g e  s c a l e  g a s i f i c a t i o n  

p l a n t  i n  c o m b i n a t i o n  w i t h  a h i g h  t e m p e r a t u r e  n u c l e a r  reactor.  
All r e s u l t s  r e c e i v e d  till now p r o v e  t h e  f e a s i b i l i t y  o f  steam 
g a s i f i c a t i o n  of h a r d  coa l  u s i n g  n u c l e a r  h e a t  a t a  t e m p e r a t u r e  

l e v e l  of 950  OC. 
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Heat Consumed = Heat Transferred 

q .k , . e -E/RT.y .V = h . F .  a(T,T,,Tz) ' 

9 =  
k, = 
E =  
R =  
T =  
Y =  
v :  
h =  
F =  
9 .  
TI = 
T? = 

heat of reaction 
frequency factor 
activation energy 
gas constant 
gasification temperature 
density of the fluidized bed 
volume of the fluidized bed 
overall heat transfer coef f  
heat transferr ing area 
log temperature dif ference 
helium inlet temperature 
helium outlet temperature 

Gcol/t 
l /h  
kcal/mol 
kcol/rnol OC. 

O K  

m3 
kcal/m2 h O C  

m2 
O K  

O K  

O K  

t l m 3  

Fig. 1 :  Heat balance of a n  allothermal gas generator 

to  
analysis 

immersion heater 

??I 70bar 70bar 
28S°C lOOOoC 

Fig. 2: Small sca l e  pilot plant for steam 
gasification of coal 
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P = a.A-(T1-T2) 
P a =  kcal I--- A (lj -T2) m2.h.K 

= Q R + ( L K  

Fig. 3: Determination of the heat transfcr coefficient 
from the heat exchanger into the fluidizcd bed 

I I [--i[ height of the fluidized bed 
h=h1- AP * P1 

ensity of the fluidized bed 
AP . y =  - 
h 

Fig. 4: Determination of the density of the fluidized bed 
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Fig. 5:  Steam gasification of carbonized h i g h  
volatile bituminous coal - gas production 
and gas composition - 

I I I I I 

Schwel koks 
Leopold 
LO bar 

Fig. 6: CH4-content in the dry product gas (a), reaction 
heat (b), and steam decomposition IC) as function 
of reaction temperature and steam carbon ratio 
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800 

Utility 
kcal/kg Koks 

Schwelkoks 
Leopold 
LO bar 

Schwel ko k s 
11,514 4,452 1,610 1,111 Leopold 

F i g .  Gb 

850 

I I I I 

LO bar 

12,037 4,738 1,679 1,141 

1 750 (11,0441 4,169 1 1.5061 1,058 1 

Fig. Gc 
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Nr Dauer Two 
h O C  

2 5 750 
3 23 800 
L 9 860 
7 18 820 

Urnsatz 
%/rnin 
0,5 (0,5) 
1,9 (I71 
4 2  (6,O) 
2 5  (2,71 

Fig. I :  C o m p a r i s o n  o f  r e a c t i o n  rate c o n s t a n t s  m e a s u r e d  
i n  a s m a l l  s c a l e  p i l o t  p l a n t  and  i n  a f i x e d  bed 
d i f f e r e n t i a l  r e a c t o r  ( 

mean ternperoture 7: 

7, = JT(r.h) Z x r d r d h  

E k = k,exp ( - - I  RT 

6 = f J k  [ T  ( r ,h ) l  Znrdrdh 

F i g .  8 :  T e m p e r a t u r e  p r o f i l e s i n  t h e  f l u i d i z e d  bed  o f  
t h e  s m a l l  s c a l e  p i l o t  p l a n t  
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kcal a k K &  
V3/. WB-Koks Leapold. ~ 0 . 1  mm 

Oruck: LO bar 
Temperatur: 8 3 O O C  

2 500' 

2000- 

W 

v 
50 100 150 200 250 300 Zelt I 0 " '  

$1 
3.05 

0.OL 

0.03 

0.02 

0.01 

in 1 

Fig. 9: Heat transfer coefficient and steam velocity 
as  a function of time during a run at 40 bar 
and 830 OC 

a 
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. . ~ .  . 
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. . . . . . . steam LO'bor .. _. 

t e rnpe r a t u r e 5-b 8 300 c 
x x  7 3 O O C  

' , ' i i  

10 100 
steam velocity ' I c m l s  I 

Fig. I O :  Ireat transfer coefficient as a function of 
Steam velocity using two different particle sizes 
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feeding I 
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I 
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V35 : steam gosi f icot ion 
of char  .. Leopold '' 
a t  1 0  bor 

I -  

2 
t [hl 

F i g .  1 1 :  P r e s s u r e  d i f f e r e n c e s  w i t h i n  t h e  f l u i d i z e d  bed 
a s  a f u n c t i o n  of  t i m e  
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1 
M I X I N G  AND REACTION OF PULVERIZED COAL I N  AN ENTRAINED GASIFIER 

L .  Douglas Smoot, F. Douglas Skinner, and Richard W .  Hanks 

Chemical Engineering Department, Brigham Young University, Provo, Utah 84602 

INTRODUCTION 

Several  coal  g a s i f i c a t i o n  processes under development include an entrained 
g a s i f i e r  a s  one s tep  i n  the  process. In such cases ,  c o a l  or  char  i s  contacted with 
a h o t  g a s  t o  cause p a r t i c l e  combustion or g a s i f i c a t i o n .  Design and optimization 
of such u n i t s  requi re  an understanding of p a r t i c l e  gas i f ica t ion  k ine t ics ,  together  
with i n s i g h t  i n t o  t u r b u l e n t  mixing processes  of t h e  coal-laden streams with the  
hot gases. The present study is designed t o  develop an understanding of the  physical 
and chemical rate processes t h a t  occur during gas i f ica t ion  of entrained,  pulverized 
coal  par t ic les .  

S p e c i f i c  o b j e c t i v e s  a r e  t o  measure l o c a l l y :  ( 1 )  t h e  extent of mixing of 
primary and secondary gases ,  ( 2 )  the  ex ten t  of  p a r t i c l e  dispers ion,  (3 )  the extent  
o f  p a r t i c l e  reac t ion ,  and ( 4 )  the  gaseous reac t ion  products  including pol lutants .  
This study includes both non-reacting and react ing flow tests t o  be run at  pressures 
from 1 t o  20 atm. Key t o  t h e  technical  approach is p a r t i c l e  and gas  sampling from 
the reactor using hatepcooled probes. Separate key ccmponents in pr imry  and secondary 
streams w i l l  indicate d i r e c t l y  the extent  of gas  phase mixing a t  the various sampling 
points .  The p a r t i c u l a t e  port ion of each sample w i l l  be analyzed t o  determine ash,  
vo la t i les ,  and su l fur  and nitrogen content. 

TEST PROGRAM 

Design of the  c o a l  g a s i f i c a t i o n  test program and test f a c i l i t y  were based 
on. review of  t h e  l i t e r a t u r e  and discussions with agencies  doing development work 
on en t ra ined  flow g a s i f i e r s .  The base l ine  proportions of c o a l ,  oxygen and steam 
were determined by optimizing t h e  theore t ica l ly  computed cold gas ef f ic iency  based 
upon equilibrium gas i f ica t ion  products of  a typical  high v o l a t i l e  Bituminous B coal .  
The baseline selected was 38 gm steam and 56 gm oxygen per 100 gm coal .  

Experimental var iables  which were considered i n  es tabl ishing the t e s t  program 
included t h e  p a r t i c l e  feed rate, g a s  preheat  temperature,  primary and secondary 
stream veloc i t ies ,  secondary t o  primary in jec t ion  angle, operating pressure, percent 
coal  loading l e v e l ,  c o a l  p s r t i c l e  s i z e  and coal  type. Table 1 summarizes the range 
of se lec ted  test  condi t ions  t o  be i n v e s t i g a t e d  i n  t h i s  s tudy .  A t o t a l  of 50-60 
tests a r e  planned for  the  react ing test program. 

TABLE 1 .  COAL GASIFIER TEST VARIABLES 

VARIABLE RANGE OF VARIATION 

Pressure 1 - 20 atm 
Coal Type 17 - 40% vola t i les  
Secondary Inject ion Angle 0 - 30" 
Par t ic le  Size 30 - 6 0 ~  
Secondary Temp. 600 - 700°K 
Secondary/Primary Velocity Ratio 1.25  - 2.0 
Coal Feed Rate 70 - 140 kg/hr 
Sol ids  Loading 70 - 85% 

1 .  This work i s  supported by U.S. E R D A ,  Wash?ngton, D.C., under Contract No. 
E(49-18)-1767, with Dr. Paul Scot t ,  Technical Project  Off icer .  
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FACILITY DESIGN AND INSTALLATION 

Figure 1 shows photographs of t h e  r e a c t o r  and a sect ion of the reactor. 
Oxygen from a bank of high pressure gas cylinders flows through tw automatic control 
valves  which d iv ide  the flow between primary a n d  secondary streams and maintain 
t h e  desired pressure l e v e l  upstream of choke flow nozzles ,  thus  determining the 
mass flow r a t e s  of primary and secondary oxygen. The primary oxygen is preheated 
and entrains  coal par t ic les  which  a re  fed t o  the primary stream fmn a high pressure, 
double-auger feeder. The primary stream, consisting of 0 and entrained coal ,  enters 
the  reac tor  through the  1.27 c m  diameter inner  pipe of2a concentric-pipe, annular 
burner. 

The secondary oxygen flows to  another preheater, where it mixes with saturated 
steam from an e l e c t r i c  b o i l e r .  The steam and oxygen mixture is fur ther  heated to  
t h e  des i red  temperature and then fed through t h e  o u t e r  concentr ic  annular pipe. 
The g a s i f i c a t i o n  reac t ions  take place downstream of the  burne r  j e t  e x i t  i n  t h e  20 
cm. diameter, ceramic-lined reactor  chamber. The 1 .2  rn long reactor  chamber, shown 
schematical ly  i n  Figure 2 c o n s i s t s  of  severa l  segments of  15 and 30 cm lengths, 
one of which i s  the t e s t  probe section. By changing the order i n  which these segments 
a r e  bolted together ,  t h e  t e s t  probe sect ion may be placed a t  15 em a x i a l  increments 
along the  length of t h e  reactor  chamber. 

After.leaving the  reactor ,  the hot reaction gases and char residue are cooled 
and t h e  s o l i d s  a r e  scrubbed out  of t h e  gas phase w i t h  water i n  a packed scrubber. 
The cooled gas is vented and the scrubbing l i q u i d  is reduced i n  pressure and disposed 
of i n  the sewer drain. 

TEST PROCEDURES AND MEASUREMENTS 

T h e  v a r i a b l e s  t o  be measured inc lude  temperature ,  pressure, and gas and 
par t ic le  ccmpositions. Reactor temperatures are  measured wi th  e i ther  ceramic-shielded 
Platinum/P1 atinum-bX Rhodium thermocouples o r  suc t ion  pyrometers. Each reactor  
sec t ion  has three  thermocouple por t s  equal ly  spaced around the inside wall of the 
ceramic l iner ,  so that  temperature variations i n  both the axial  and angular directions 
can be measured. I n  addi t ion ,  r a d i a l  temperatures w i l l  be measured i n  the probe 
sec t ion .  Reactor pressures a r e  measured with transducers. Thermocouple ports can 
be used as pressure por t s  i f  des i red ,  so t h a t  pressures can be measured a t  several 
ax ia l  and angular locat ions i n  the reactor .  

P a r t i c u l a t e  and g a s  samples a r e  obta ined  with water-cooled probes which 
a r e  located i n  severa l  r a d i a l  pos i t ions  i n  the t e s t  sec t ion .  Similar probes have 
been used successful ly  i n  react ing flow measurements by t h i s  laboratory i n  e a r l i e r  
s tudies  (1,2). The gas  samples a re  analyzed using a gas  chromatograph t o  determine 
concentrat ions of CO,  C02, H2, 02, l i g h t  hydrocarbons, and a gaseous t racer .  The 
s o l i d  char sample is analyzed to deterrmne ash, volat i les ,  sulfur  and nitrogen content, 
toge ther  with o ther  elements. The a s h  content  of the coal  i s  used a s  t h e  sol id  
phase tracer i n  order to determine the dispersion ra tes  of the coal or char par t ic les .  
Recent work ( 3 ) ,  has indicated tha t  some ash components may vaporize and decompose 
i n  the  flame, and t h i s  problem i s  being considered. 

The f i n a l  p ip ing  and f a c i l i t y  assembly i s  completed and f a c i l i t y  check- 
out and cold flow t e s t s  have been conducted. Available r e s u l t s  from several cold 
flow t e s t s  w i l l  be presented and discussed.  From severa l  cold-flow t e s t  r e s u l t s  
a t  atmospheric pressure,  t h e  following observations have been made: ( 1 )  the coal  
p a r t i c l e s  d i s p e r s e  much more slowly than t h e  gases;  (2)  increasing the secondary 
v e l o c i t y  o r  the i n j e c t i o n  angle  both s i g n i f i c a n t l y  increase the r a t e s  o f  gas  and  
par t ic le  dispersion; ( 3 )  reducing the p a r t i c l e  s ize  s ignif icant ly  increases par t ic le  
dispers ion r a t e s .  Additional t e s t  results w i l l  be given i n  the presentat ion.  I t  
is ant ic ipa ted  t h a t  some t e s t  da ta  for  reac t ing  g a s i f i c a t i o n  t e s t s  w i l l  a l s o  be 
included i n  the presentation. 

ENTRAINED GASIFIER MODEL 

A computerized mcdel for p-edicting characteristics of pllverized ccel conbustion 
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and gasif icat ion uses the integrated or  macroscopic form of  t h e  general conservation 
equat ions  (4) for  a volume element ins ide  a gasifier or furnace,  as i l l u s t r a t e d  
i n  Figure 3. The following aspects of pulverized coal combustion have been included 
i n  t h e  model: (1 )  mixing of primary and secondary s t reams;  (2) r e c i r c u l a t i o n  of 
reacted Products; ( 3 )  pyro lys i s  and swel l ing of c o a l ;  (4) oxida t ion  of t h e  char 
by oxygen, stream and carbon dioxide; (5) conductive h e a t  transfer betwen the coal/char 
p a r t i c l e s  a n d  gases ;  ( 6 )  var ia t ion  i n  composition o f  i n l e t  gases and s o l i d s ;  ( 7 )  
v a r i a t i o n  i n  coal /char  p a r t i c l e  s i z e ;  ( 8 )  oxida t ion  o f  t h e  hydrocrbons produced 
from coal pyrolysis; and ( 9 )  radiat ive heat t ransfer  among the par t ic les .  

Key assumptions f o r  t h i s  model are shown in  Table 2 ,  wh i l e  d i f fe ren t ia l  
mass, energy and momentum balances for particle and gas phases a re  summarized i n  
Table 3. T h i s  set of f i rs t -order ,  non-linear equations a l s o  requires a large number 
of auxi l iary,  algebraic equations as component model parts. These equations describe 
t h e  following aspcts of t h e  coal gasifier process: enthalpy-temperature relationships, 
physical  p r o p e r t i e s  including heat  capac i ty ,  thermal conduct iv i ty ,  d i f f u s i v i t y ,  
and v iscos i ty ;  r a d i a t i v e  interchange i n s i d e  t he  g a s i f i e r ;  equat ions of  s t a t e  and 
mass flow cont inui ty ;  convective and conductive heat  interchange among the gases, 
particles and walls; r a t e s  of pyrolysis and oxidation of  coal  and char. 

TABLE 2 

Summary of Key Assumptions f o r  Coal Model 

1 .  

2 .  

3 .  

4. 

5. 

6. 

7. 

a. 

Steady-state, compressible gas, w i t h  9. 
specified pressure var ia t ion.  

equilibrium. 

Secondary gases a n d  recirculated 11. 
products input along reactor  with 
instantaneous mixing. 

12. 
Multiple par t ic le  s izes  or  types. 

Par t ic le  phases and gas a s  separate 
phases. 

13. 
Negligible gas conduction, diffusion,  
a n d  thermal diffusion,  gravity ef- 14. 
f e c t s ,  par t ic le  interact ions,  wall 
f r i c t i o n ,  viscous diss ipat ion,  work 
on surroundings, gas phase radiat ion, l5 .  
particle-phase convective losses ,  
kinet ic  energy. 

16. 
Rate limiting s teps  include up-  
stream radiat ion,  gross oxidizer/ 
fuel mixing, product rec i rcu la t ion ,  
coal par t ic le  pyrolysis, char oxida- 
tion (with 02, C02, H20). 

Gas phase in local thermodynamic 
equilibrium. 

Part ic les  and gases in dynamic 10. 

17. 

18. 

Specified gas and par t ic le  ignition 
temperatures. 

Coal pyrolysis by paral le l  activated 
processes. 

Coal swelling proportional to  extent 
of pyrolysis. 

Spherical par t ic les  of uniform local 
par t ic le  temperature with specified 
char diameter and with internal and 
external reaction. 

I r reversible  p a r t i c l e  reactions. 

A s h  i n e r t  and remains w i t h  the par- 
t i c l e .  

Moisture loss  controlled by vapor 
diffusion. 

Hydrocarbon vola t i les  produced from 
coal pyrolysis react ions,  together 
w i t h  specif ied other chemical 
el emen t s  . 
Char contains specified proportions 
of other elements which enter  the 
gas phase a t  a r a t e  proportional 
t o  the carbon reaction. 

Char oxidation f i r s t  order heter- 
ogeneous react ion,  coup1 ed with ox- 
xidizer diffusion t o  par t ic le  sur- 
face. 
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TABLE 3 

Summary o f  Model Different ia l  Equations 

Equation 

d(w w )/dx = A Cr. 

dw./dx = -Ar. t m . t m . 
J J SJ PJ 

d(wghg)/dx = h rn t A(EQ -Q + Cr.h. ) 

d(w.h.)/dx = msjhsj+ mpjhp j t  A(Qfj-Qr,-Qj- rjhjg) 

d(w v)/dx + d (pA)/dx = mSvS t m v t vAEr 

d(vn.)/dx = (m ./a.A) 

d(w )/dx = ACr. t m t m 

rn 
th 

t msgk t mpgk g k  j J k  Gas Element Continuity (k 

j t h  Pa r t i c l e  Phase 

Gas Energy 

Part ic le  Energy (j ) 

Gas Momentum 

Part ic le  Number 

Total  Gas Continuity 

t h rn 
Sg Sg  PS 09 j cb J J9 

t h  
J J  

9 P P  j j  

J PJ J 
1 

9 j J Sg P9 

d ( a  .)/dx = - ( r  ./n.v) 
CJ CJ J Coal Mass 

Char Mass d(ahj)/dx = -(rhj/njv) 

d(awj)/dx = - ( r  ./n.v) Moisture Mass WJ J 

1 Sum o f  Eqns 1 over k elements 

A numerical solut ion has been developed f o r  t h i s  entrained gas i f ie r  model. 
The model h a s  been used t o  inves t iga te  e f f e c t s  of t e s t  var iables  on the extent of 
coal gasification and on the gas phase empsition. Results indicate t h a t  the pyrolysis 
process is very f a s t  and t h a t  oxygen i n  the gas phase i s  rapidly converted to CO . 
This is followed by the relatively slow CO -H 0 reactions wi th  residual char. Specif& 
predic t ive  r e s u l t s  w i l l  be presented i$ t%e paper and compared w i t h  available ex- 
&;er~iiiIwwJ. 1.t.sulL;. 
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NOMENCLATURE 

r a t e  of secondary flow into control 

ra te  of gas flow into control volume Tb  wall temperature 
r a t e  of par t ic le  flow into control 

r a t e  of recirculat ion into control 

heat conduction between gas & part ic les  
r a t e  of pyrolysis and oxidation of 
coal/char v velocity 

r a t e  of reaction of gas species p pressure 

Q f j  volume reactor 
r a t e  of radiat ive heat t ransfer  i n  

A cross sectional flow area 
W k  mass f ract ion of kth element 

h s t a t i c  enthalpy 

volume 

volume x axial coordinate 

Qc, ra te  o f  heat loss  by convection n . par t ic le  number densi t y  
Q r b  r a t e  of heat loss by radiation CY mass of par t ic le  

J 

Subscripts 

4 gas c coal 
K k th  element h char 
s secondary a ash 
p recirculat ion w moisture 
j j t h  par t ic le  
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High Pressure Reactor 

C E ‘am 

Typical 6” Reactor Section 
Figure . High Pressure Reactor a n d  Typical Section. 

i c  L i 
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KINETIC DATA FROM A HIGH TEMPERATURE ENTRAINED FLOW GASIFIER 

Ralph L .  Coates 

Chemical Engineering Department, Erigham Young University, Provo, Utah 84602 

Introduction 

An experimental program is currently being carried out a t  the Eyring Research 
I n s t i t u t e  i n  which severa l  d i f f e r e n t  coals  are being tes ted  i n  a laboratory scale  
entrained flow g a s i f i e r .  The design of t h e  g a s i f i e r  is essent ia l ly  a scaled down 
version of  an experimental g a s i f i e r  operated at the Bureau of Mines Morgantown Coal 
Research Center ( 1 ,  2 ) .  This  g a s i f i e r  is being operated under contract  with the 
Energy Research and Development Administration t o  obtain reaction rate and conversion 
efficiency da ta  for  several d i f fe ren t  coals and chars. 

Description of Gasifier 

A diagram of the  g a s i f i e r  i s  shown in  Figure 1 and a flow diagram for  the 
e n t i r e  gas i f ica t ion  system is presented in  Figure 2 .  The react ion chamber, formed 
from s i l i c o n  carbide is 7.6 cm I . D .  and 28 cm i n  length .  The coal, pulverized to  
70-80 percent minus 200 mesh, is withdrawn with metering augers from a pressurized 
feed tank and blown i n t o  the top of the reaction chamber with recycled product gas. 
It enters  the reactor  through a water-cooled 8 mm I . D .  nozzle. A preheated mixture 
of steam and oxygen is injected i n t o  the  reactor  through eight nozzles that  closely 
surround t h e  coa l  nozzle. These nozzles  have rec tangular  openings, 1.1 x 1.5 mm 
in  cross-sect ion,  and t h e  oxygen-steam streams impinge on t h e  coal  stream at an 
angle of 30°, 

The reactor  eff luent  stream is cooled by radiat ion t o  the water-cooled walls 
fo the  heat recovery u n i t  which is attached to  t h e  base of the reactor .  The heat 
recovered i n  t h i s  u n i t  is used t o  generate  the feed steam f o r  t h e  gas i f ie r .  Slag 
drople t s  and l a r g e r  s o l i d  p a r t i c l e s  i n  the  e f f l u e n t  stream a r e  separated from the 
gases and they are  then fur ther  cooled and cleaned by passage through a convective 
heat  exchanger, a scrubber column, and fabr ic  f i l t e r s  (Figure 2 ) .  Gas samples are 
withdrawn downstream of the filters. The cooled and cleaned gas  is then metered 
and f lared.  

Gasif ier  Operating Conditions 

High v o l a t i l e ,  low s u l f u r ,  bituminous coal  from t h e  Deseret Mine i n  Carbon 
County, Utah, was used f o r  these tests. This coal  has a high heating value of 1430 
kcal/kg. I t  i s  70.1 percent carbon, 5.6 percent  hydrogen, 11.7 percent oxygen, 
1.4 percent ni t rogen,  0 .6  percent  s u l f u r ,  and 10.6 percent ash (dry bas is ) .  "ne 
moisture of the  coal as fed to the g a s i f i e r  was approximately one percent. 

To obta in  t h e  d a t a  repor ted  here t h e  g a s i f i e r  was operated at a nominal 
pressure of 10 atmospheres and coal feed rates were 20 kg/hr. The volumetric flow 
r a t e  of the  recycle gas stream was 5 M3/hr a t  STP. The oxygen and steam feed stream 
was preheated t o  4 0 O O C  f o r  these t e s t .  'he pr incipal  test var iable  was oxygen feed 
r a t e .  The steam/coal feed r a t i o  was 0 .5  g/g. Product gas  samples were not taken 
until steady-state operation was achieved, 20-30 minutes a f t e r  s t a r t  up. 

Test Results 

Resul ts  from a series of ten  t e s t  runs i n  which the  oxygen/coal feed ra tes  
were systematical ly  varied a r e  presented i n  Figures 3 and 4 .  Figure 3 shows the  
volume of dry gas produced per kg coal  fed and the  percent of carbon converted to  
gas .  As observed during t h e  Bureau of Mines s t u d i e s  ( 1 , 2 ) t h e  carbon conversion 
increased markedly w i t h  increasing oxygen/coal r a t i o .  Gas volume a l s o  increased 
w i t h  increases  in t h i s  r a t i o .  Figure 4 presents t h e  corresponding gas composition 
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data. Carbon monoxide increased w i t h  increasing oxygen/coal r a t i o  whereas the yield 
of hydrogen and methane decreased. The carbon dioxide concentrat ion varied only 
s l i gh t ly .  

Data Analysis Procedure 

Af te r  c a r e f u l  s t u d y  o f  k i n e t i c  da ta  a v a i l a b l e  i n  the l i t e r a t u r e  for  the  
high temperature react ion of  coal w i t h  oxygen and steam, i t  was concluded tha t  the 
r a t e  l imi t ing  reac t ions  a t  the  condi t ions employed i n  these tests were those of 
charred coal w i t h  steam and with carbon dioxide. The react ions of oxygen with coal 
v o l a t i l e s  and w i t h  char were calculated to be a t  l e a s t  an  order of magnitude f a s t e r .  
For example, t h e  da ta  o f  Kimber and Gray ( 3 )  i n d i c a t e  t h e  s p e c i f i c  reaction r a t e  
of  both C02 and water vapor w i t h  35 micron char p a r t i c l e s  t o  b e  l e s s  than 5 grams 
carbon/gram unreacted carbon per second per atmosphere p a r t i a l  pressure of the C02 

? and 1.9 sec- l  atm-I, respec t ive ly ,  f o r  water and CO w i t h  char  a t  2000'K. On 
the other hand, the r a t e  equation recommended by Field, $..alLl (5) for  the reaction 
of oxygen w i t h  char yields  a specif ic  r a t e  of 1900 sec- a t  t h i s  temperature. 

Reaction r a t e s  of coal v o l a t i l e s  w i t h  ava i lab le  oxygen are  even fas te r  than 
the oxygen-char r a t e s .  Employing t h e  r a t e  equation suggested by F i e l d  ( 5 ) .  The 
s p e c i f i c  react ion r a t e  fo r  the carbon monoxide-oxygen react ion is  estimated to be 
of the order of 105 sec-1 for the conditions used in  these experiments. 

Mixing and d i f fus ion  r a t e s  were a l s o  considered in s e l e c t i n g  a procedure 
for  analyzing the data. The gas i f ie r  feed nozzle configuration used i n  these t e s t s  
was ss1ect.d after Bctensive t e s t s  of a l te r ra te  ccnfigurations. These tes t s  demonstrated 
that  it provided rapid and e f f i c i e n t  mixing of the feed streams. The rec i rcu la t ion  
r a t e  near the  p o i n t  where t h e  feed streams were i n j e c t e d  was estimated to be ap-  
proximately 150% of the mass flcw of the f e d  streams. Consequently, it =ems reasonable 
t h a t  as  a f i r s t  approximation t h e  reactor  might be considered a s  being well-mixed. 
Diffusion ra tes  of steam and CO' t o  the surface of the char par t ic les  were considered 
by ca lcu la t ing  the d i f fus ion  3imited reac t ion  r a t e s .  These were estimated to be 
of the order of 50-100 sec-l a t  the experimental conditions of t h i s  s t u d y  and were 
therefore  considered to  be of secondary importance i n  l imit ing the overal l  reaction 
r a t e .  

On the  b a s i s  of t h e  above reasoning the  d a t a  were analyzed assuming the 
reactor t o  be well s t i r r e d  and that  the gasif icat ion react ions could be represented 
by two simple reactions: 

r water. The data of K h i t r i n  and Golovina ( 4 )  sugges ts  r a t e s  of 3 . 3  sec-' atm 

atm 

1 )  Coal f Oxygen + COP f H20 f Char 

Char + C02 f H20 + CO + H2 

with reaction ( I ) ,  which includes devola t i l i za t ion  of t h e  coa l ,  assumed to  be f a s t  
re la t ive  to  reaction ( 2 ) .  

The fract ion of  carbon gasif ied by equation ( I ) ,  Y1, may be calculated from 
the following stoichiometric equ5tion: 

y1 = - %(O/c) ( 0  - EO)  f % ( H / C )  (Q - EH) 3) 

In t h i s  equation, 0 is  t h e  equivalence r a t i o  of the oxygen and coal  feed streams, 
a value of one corresponding to a feed r a t io  such tha t  suf f ic ien t  oxygen is available 
t o  convert the carbon t o  C02 and the hydrogen t o  H20. The r a t i o s  ( O K )  and ( H / C )  
a re  the molar r a t i o s  of oxygen to carbon and hydrogen t o  carbon i n  the coa l ,  and 
E and EH a r e  the  f r a c t i o n s  of-oxygen and hydrogen t h a t  are  gas i f ied  by reac t ion  
( 9 ) .  The fract ion of carbon gasified by react ion ( 2 ) ,  Y 2 ,  may then calculated from 
Y1 ard the to ta l  fraction of carbon gasified YT, h i d 7  is madab le  fran the experimental 
data. Thus, 
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A f u r t h e r  s i m p l i f i c a t i o n  is t h e  assumption t h a t  t h e  r a t e  of reaction (2 )  i s  first 
order with respeci  .to the  amount of unreacted carbon. 

5!Y= k (1  - Y )  d t  5) 

The equation f o r  the  react ion rate constant  r e s u l t i n g  from integrat ion of equation 
(5 )  is 

k = - ( l / t )  In (1 - Y T ) / ( l  - Y1)  6) 

This r a t e  constant which is t h e  spec i f ic  reaction r a t e ,  can be u t i l i z e d  as a measure 
of t h e  reac t iv i ty  of t h e  coal .  

The r e a c t i o n  time was taken t o  be t h e  r a t i o  of the  r e a c t o r  volume t o  the 
volumetric flow r a t e  of the reac t ion  products a t  t h e  o u t l e t  of t h e  reac tor .  The 
densi ty  a t  the  o u t l e t  was computed from the dry gas  ana lys i s  and an overa l l  oxygen 
balance and energy balance.  The oxygen balance yielded the  steam concentration 
and t h e  o v e r a l l  energy balance yielded t h e  o u t l e t  temperature. The temperature 
c a l c u l a t i o n  was v e r i f i e d  by thermocouple measurements t h a t  were made i n  several 
of t h e  runs. 

Specific Reaction Rates 

The s p e c i f i c  reac t ion  rates t h a t  were computed from t h e  experimental data 
a r e  presented i n  Figure 5 versus the oxygen/coal equivalence r a t i o .  Reactor ou t le t  
temperatures a r e  a lso presented on t h i s  f igure.  It is noted t h a t  magnitudes of these 
rates a r e  somewhat h igher  than t h e  rates measured by Kimber and Gray (3 )  and by 
Khi t r in  and Golovina ( 4 ) .  A cross-plot  o f  t h e  rate cons tan t  and temperature data 
yielded t h e  following correlat ing equation: 

7) 5 k = 1.4  x 10 exp (-31,00O/RT) sec-' 

The magnitude o f  t h e  apparent a c t i v a t i o n  energy,  31 k c a l ,  i s  cons is ten t  with the  
assumption t h a t  t h e  char  sur face  reac t ion  with C02 and steam is t h e  rate limiting 
s tep  i n  the  gasif icat ion of t h i s  coal. 
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Figure 1 .  Diagram o f  laboratory gasifier. 
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PYROLYSIS OF LARGE COAL BLOCKS: IMPLICATIONS 
OF HEAT AND MASS TRANSPORT EFFECTS FOR IN SITU GASIFICATION* 

Ph i l l i p  R. Westmoreland and Richard C. Forrester I11 

O a k  Ridge National Laboratory 
O a k  R i d g e ,  Tennessee 37830 

Gas production during pyrolysis of blocks of coal i s  strongly a f fec ted  by hea t  
and mass t r ans fe r  res i s tances .  Since l a rge  pieces of coa l  must be pyrolyzed during 
i n  s i t u  gas i f ica t ion ,  these e f f ec t s  become important i n  modeling, production, and 
resource recovery. Experiments have shown t h a t  pyrolysis of subbituminous coa l  
blocks, which are typ ica l ly  heated a t  3.0 Co/min at  the  block surface and which have 
the high moisture content of i n  s i t u  coal,  evolves subs tan t ia l ly  more gas than does 
pyrolysis of powders. 

Coal pyrolysis reac t ions  a re  fundamental i n  all coa l  conversion processes. Coal 
chemical s t ruc tures  a re  thermally decomposed at  250°C o r  higher t o  produce l i q u i d  
vapors, noncondensible gases, and a s o l i d  char residue. This decomposition may be 
u t i l i z e d  i n  coking o r  as  pa r t  of the combustion, gas i f ica t ion ,  or l iquefac t ion  
processes. For example, pyrolysis,  p a r t i a l  combustion, and steam-char reactions 
combine i n  gas i f ica t ion  t o  produce a combustible gas and an ash residue. 
mass t r ans fe r  interferences with these chemical reactions a re  normally minimized i n  
conventional coal conversion by crushing and drying the  coa l  p r io r  t o  processing. 

Heat and 

Underground coal gas i f ica t ion  (UCG) o r  i n  s i t u  gas i f i ca t ion  represents a 
modeling challenge fo r  coa l  pyrolysis because of th ree  unusual cha rac t e r i s t i c s :  
l a rge  pa r t i c l e  size,  high water content, and low heating r a t e s .  A t yp ica l  UCG 
process feeds oxygen or air  i n t o  a c o a l  seam, supporting a moving, high-temperature 
reac t ion  f ron t  (flame f ron t ) .  To permit flow of a i r  t o  the  f ron t  and flow of product 
gases away from it, seam permeability i s  increased by explosive f rac tur ing ,  by 
burning a high-permeability path between in jec t ion  and production pipes, or by other 
methods. Each of these methods leaves l a rge  blocks or  sections of coa l  i n t ac t .  Also, 
since seams are chosen t o  be below the water tab le ,  i n  s i tu  coa l  reserves f o r  UCG may 
be typ ica l ly  30$ moisture. 
a t  about 1 m/day, cocurrent with the f a s t e r  gas flow. Hot product gases thus produce 
a slow-moving temperature gradient ahead of t he  f ront ,  slowly heating t h e  coal. 

Finally,  t he  gas i f ica t ion  f ron t  i n  severa l  schemes moves 

Understanding of block pyrolysis and other aspects of UCG i s  important i n  i t s  
development toward being a s ign i f icant ,  economical energy source. The concept of 
UCG was f i rs t  proposed i n  1868 by Si r  W i l l i a m  Siemans, and M 1 - s c a l e  UCG operations 
i n  the  U.S.S.R. have continued since the  1930's; however, despite l a rge  research 
programs immediately a f te r  World W a r  11, no Western nation w a s  able t o  develop 
an economical UCG process (1). The United States began UCG development i n  1971, 
and r e s u l t s  t o  date have been both technically and economically promising. 
ful developent  of UCG would make an estimated 750 b i l l i o n  tons of coa l  ava i lab le  
f o r  energy production, as compared t o  the  297 b i l l i o n  tons o f  coal reserves l i s t e d  
by the  Bureau o f  Mines as recoverable by s t r i p  or  underground mining ( 2 ) .  
addition t o  u t i l i z ing  otherwise inaccessible coal, UCG could have l e s s  of  an 
environmental impact than e i t h e r  underground o r  s t r i p  mining and could improve 
resource recovery and personnel sa fe ty  over t h a t  of underground mining. 

Success- 

I n  

Because o f  the po ten t i a l  of UCG and the  unavai lab i l i ty  of adequate da ta  f o r  
process modeling, O a k  Ridge National Laboratory began research i n  1974 on pyrolysis 
of coal blocks a t  low heating r a t e s .  Primary variables i n  t h i s  study have been 

'Research sponsored by the  Energy Research and Development Administration under 
cont rac t  with Union Carbide Corporation Nuclear Division. 
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heating r a t e  and f i n a l  temperature, and these  da ta  have been compared t o  da ta  on 
pyrolysis of powdered coa l  f r o m  the  same source. 
experiments have been shared with Energy Research and Development Administration 
UCG process developers a t  Laramie (Wyoming) Energy Research Center, Lawrence 
Livermore (Cal i forn ia)  Laboratory, and Morgantavn (West Vi rg in ia )  Energy Research 
Center, and have been inc'orporated in to  process models as  deemed appropriate. 

Data and observations from these 

Equipment and Procedure 

Figure 1 depicts t h e  block pyro lys i s  equipment schematically. In t h e  experi- 
ment, an approximately 15-cm-dim by l5-cm cyl indr ica l  block of  coal was  positioned 
on insu la t ing  blocks i n  the  bottom o f  a 60-cm deep, thin-walled reac tor  vessel, 
fabr ica ted  from 8-in.  Sched 10 304L s t a i n l e s s  s t e e l  pipe. Protection of t he  reactor 
from external. oxidation a t  high temperatures was afforded by a commercially prepared 
nickel-chromium-aluminum coating (Metco No. P443-10). Heat fo r  pyrolysis was supplied 
by an e l e c t r i c a l  furnace, with r eac to r  temperature cont ro l led  by an Om-fab r i ca t ed  
temperature programmer. Control thermocouples, thermocouples f o r  in t e rna l  and 
ex terna l  block temperature measurements, an i n e r t  gas purge l i n e ,  and an exhaust 
l i n e  heated t o  250°C were connected t o  the  reac tor  through a flanged top. Con- 
densibles (water and t a r s )  were removed from the  hot reac tor  exhaust by d i r ec t  
contact with water-cooled copper c o i l s  and by a f ine  glass-wool demister. A suf- 
f i c i e n t  number o f  noncondensible gas samples were co l lec ted  i n t o  evacuated sample 
b o t t l e s  t o  describe gas evolution as a function of time. Finally,  gases were metered 
and vented. 

For these experiments, blocks of  unweathered subbituminous coal were selected 
a t  the  mine face frm the  Roland and Smith seams (Wyodak Resources Development 
Corporation, Wyodak, Wyoming). To prevent drying and breakage, these blocks were 
bagged in  p l a s t i c  and cushioned f o r  shipping. 
under water f o r  storage u n t i l  and after it w a s  machined i n t o  cylinders.  
operations were performed under a water spray f o r  cooling and t o  prevent drying. 
Thermocouple holes (1.6-m d i m )  were d r i l l e d  through t h e  top of the coa l  cylinder 
d a m  t o  a middle, common plane. Hole pa t te rns  were chosen t o  minimize heat conduction 
through r ad ia l ly  placed thermocouples (for example, sp i ra l ing  outward from the  block 
center ) ;  1.0-mm-diam thermocouples were used f o r  similar reasons. Standard analyses 
of t he  coal a re  reported i n  Table 1. 

Upon rece ip t  at  O m ,  coal  was  placed 
All machining 

Table 1. Analyses of coal taken from the Roland-Smith seams, 
Wyodak Resources Development Corporation, G i l l e t t e ,  Wyoming 

Moisture, w t  $ 

Proximate analysis,  dry w t  % 
Ash 
Volati le matter 
Fixed carbon 

30.0 Ultimate analysis,  moisture- 
and-ash-free w t  % 

Carbon 73.3 
5.3 Hydrogen 5 .2  

47.0 Nitrogen 1.1 
47.7 S U l m  0.56 

Oxygen 19. a 
Standard c a l o r i f i c  content, 

Btu/lb moisture-and-ash-free 12,800 

The experiment was preceded by an argon purge of a i r  from t h e  closed system. A 
constant f l o w  of  argon was maintained throughout t he  experiment, both t o  es tab l i sh  a 
t i e  element f o r  ca lcu la t ing  gas flawrates and t o  sweep gases and vapors from the  
reac tor .  
predetermined r a t e  t o  a predetermined maximum, then holding it u n t i l  t he  reac t ion  vas 
complete. Meanwhile, pressure,  temperature, and flowrates were monitored, l iqu ids  
were condensed and collected,  and gas was sampled periodically.  After completion, 

The experiment i t s e l f  consisted of elevating reac tor  temperature a t  a 
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the  reactor was cooled t o  ambient temperature. 
i n  most experiments, t he  block of char ( s t i l l  dimensionally s t a b l e )  was carefu l ly  
removed and sampled under an argon blanket. 
weighed, and gases were analyzed by a combination of low-resolution mass spectrometry 
and gas chromatography. 

Because pyrophoric chars were created 

Liquids were c a r e w l y  removed and 

Data and In te rpre ta t ion  

General e f f ec t s  of heat and mass t r ans fe r  res i s tances  may be observed by com- 
parison of block and powder pyrolysis da ta  and by comparison of block pyrolysis 
da ta  at  d i f fe ren t  heating r a t e s .  Three representative experiments permit these 
analyses : 

1. 
2. 
3. 

Because o f  minimal heat a i d  mass t r ans fe r  e f f ec t s  ind ica ted  i n  the  powder da ta  

powder pyrolysis at 3.33 C"/min t o  950°C ( 3 ) ,  
block pyrolysis at  3.0 Co/min t o  950"C, and 
block pyrolysis a t  2 . 0  C"/min t o  1000°C. 

of Campbell ( 3 ) ,  a s m a l l  heating-rate difference does not hinder comparison with 
the resistance-hindered second experiment. 
between experiments 2 and 3 since the  e f f ec t s  of s l i g h t l y  d i f f e ren t  f i n a l  temperatures 
are negligible compared t o  the e f f ec t s  of the  d i f f e ren t  heating ra tes .  The unimpor- 
t a n t  difference between powder heating r a t e  and 3.0 Co/min may be eliminated and da ta  
at the  two block heating r a t e s  may be compared d i r ec t ly  by changing the  ordinate from 
time t o  T, a pseudo-temperature ("C) defined as:  

A s a t i s f ac to ry  comparison may be made 

T = To + T;t, 1) 

where T i s  ambient s t a r t i n g  temperature, Ts i s  the  r a t e  of temperature increase at  
the bloek surface, and t i s  elapsed time. 
as  surface temperature u n t i l  maximum surface temperature i s  reached; from t h a t  point, 
it continues the  same proportional r e l a t ionsh ip  t o  time. 

It may be observed t h a t  T i s  the  same 

Heat t r ans fe r  i n  block pyrolysis i s  most s ign i f i can t ly  a f fec ted  by water content. 
In  Fig. 2, temperatures a t  the  bldck surface ( rad ius  t block radius = l), t he  equi- 
volume point ( r / R o  = 0.707), and the  block center ( r /Ro  = 0)  a re  compared as functions 
of T for t he  two block experiments. 
a re  s o  s m a l l  t h a t  t he  temperature i s  t h e  same throughout a p a r t i c l e  ( T  = T t o  Tmaxbm 
for all r ) .  
p ro f i l e  t o  bui ld  during heat up. However, i n  a r e a l i s t i c a l l y  wet block, generation of 
steam soaks up a grea t  dea l  of heat, r e su l t i ng  i n  high heating r a t e s  a t  the  center 
and i n  sharp temperature prof i les .  Figure 2 shows t h a t  most of t he  block w i l l  heat 
up t o  100°C as steady heating continues at  the surface. A wet-dry in te r face  gradually 
moves inward from t h e  surface as steam i s  generated, c rea t ing  a shrinking core of 
damp coal. This e f f ec t  may be seen graphically in the  temperature p ro f i l e s  of Fig. 3. 
(Placement of r a d i a l  thermocouples i n  a cen t r a l  plane s a t i s f a c t o r i l y  describes r a d i a l  
temperatures without heating e f f ec t s  from the  cylinder top  or  bottom. 
were f i t h e r  prevented by making the  cylinder height grea te r  than or  equal t o  cylinder 
diameter.)  Figure 2 a l s o  shows t h a t  at a lower block heating rate, in t e rna l  block 
temperatures do not lag surface temperature as much (i. e., temperature p ro f i l e s  a re  
not as steep),  but t h a t  absorption of heat by steam generation s t i l l  exer t s  a con- 
siderable resistance.  

I n  a coal powder at these  heating ra tes ,  pa r t i c l e s  

In a l a r g e ,  d r ied  block, thermal conductivity would cause some temperature 

These e f f ec t s  

Gas evolution, the  c r i t i c a l  parameter for i n  s i t u  gas i f ica t ion ,  i s  subs tan t ia l ly  
grea te r  i n  pyrolysis of blocks than of powders from t he  same coal. 
gas evolution and gas composition for powder pyrolysis and f o r  block pyrolysis as 
functions of T, again equivalent (up t o  950°C) t o  block surface temperature; i n  t h i s  
case, they correspond t o  approximately the  same heating r a t e  and elapsed time. 
Gas evolution r a t e  (Fig. 4 only) i s  the  sum of HZ, CO, C02, CH4, C7H4, and CzH6 
( those compounds c i t ed  by Campbell), normalized per gram of moisture-and-ash-free 

Figure 4 shows 
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coal  (maf). 
gases l i s t e d  above (Fig. 4 only - all gases included in  Fig. 5). 

Similarly, mole f r ac t ion  r e fe r s  t o  a f rac t ion  of the t o t a l  volume of 

Most of the increased gas y i e l d  may be a t t r i bu ted  t o  se l f -gas i f ica t ion  of char 
by the  generated steam. 
lagged those of the  powder pyrolysis,  but strongly resembled them. 
of coal block at pyrolysis temperatures (250°C o r  higher) gradually increasedwi th  T, 

thus lagging the  powder p a r t i c l e s  t h a t  were a l l  at uniform temperature, t h i s  behavior 
i s  consistent with the  occurrence of straightforward pyrolysis reactions.  Beginning 
at  about T = 700°C, gas evolution from block pyrolysis produced more gas than would 
have been expected from powder pyrolysis data, i n  par t icu lar ,  more H, and CO. 
reasonable explanation is  t h a t  as  steam di f fused  outward from the  shrinking, damp 
core through the  hot, outer. char l a y e r  of t he  block, a form of t he  reac t ion  

I n i t i a l  evolution r a t e s  and compositions from block pyrolysis 
Since the  f rac t ion  

A 

occurred. This explanation i s  pa r t i cu la r ly  p laus ib le  considering t h a t  t he  reaction 
equilibrium constant, K i s  g rea t e r  than 1 for  temperatures higher than 670°C. 

PJ 
Gas component evolutions i n  Table 2 suggest t h a t  steam-char reactions account 

for only a pa r t  of the  increase i n  gas evolution observed i n  block pyrolysis.  In- 
creases in  t o t a l  evolution of H2 and CO are 253 c d / g  a d  106 cm3/g, respectively,  
while l e s s  marked changes occw i n  C02 (15 cm3/g increase),  CH (11 cm3 decrease), 
and C, compounds (3.9 cm3 increase) .  
place, stoichiometry d i c t a t e s  t h a t  the  increased evolution of H2 and CO would be 
the  same, ra ther  than 147 cm3/g more of  HZ than of CO. 
gas s h i f t  reac t ion  

4 .  I f  only s t e m  se l f -gas i f ica t ion  of carbon took 

Contribution from the  water- 

should be negl ig ib le  or counterbalanced, s ince  ICp exceeds 1 only f o r  temperatures 
l e s s  than 810°C. 
f o r  T > 610"c f o r  CH4), but hydrocarbon l i g h t  gases a re  no t  g rea t ly  d i f f e ren t ;  i n  any 
case, they could not  contribute such a l a r g e  amount of hydrogen. 
i s  t h a t  pyrolysis-generated tar and o i l  vapors, d i f fus ing  outward i n t o  ho t t e r  char, 
a r e  themselves pyrolyzed or cracked t o  carbon and H2. 

Exothermic reactions in the  center  of t he  block were observed thermally in  
Fig. 3 near the  end of t he  3.0 C"/min block pyrolysis experiment. Since H generated 
by the  very high-heating r a t e s  a t  r/Ro = 0 was r e s t r i c t e d  i n  outward d i f d s i o n ,  it 
may have par t ic ipa ted  i n  highly exothermic hydrogenation reactions.  

It i s  reasonable t o  expect steam reduction of  hydrocarbons ('cp > 1 

A l i k e l y  explanation 

Comparison of block pyrolysis a t  d i f f e ren t  heating r a t e s  ind ica tes  that similar 
gas-evolution behavior occurred r e l a t i v e  t o  powder pyrolysis.  
Table 2) ,  block pyrolysis produced more gas than powder pyrolysis,  primarily because 
of increased H and CO production. For block pyrolysis,  as observed i n  Fig. 5, over- 
all gas-evolution r a t e s  i n  the  3.0 C"/min experiment d id  not  begin t o  increase beyond 
those of t he  2.0 C"/min experiment u n t i l  about a t  T = 700°C; gas compositions i n  the 
two experiments remained qui te  s imi la r .  
t h a t  steam reactions i n  the  hot ou ter  l aye r  produced ex t r a  Ha and CO, s ince  at 
T = 7OO0C, approximately three-fourths of t h e  2.0 C"/min block had been dried,  as  
compared t o  approximately one-half of the  3.0 C"/min block. 

In each case (see 

2 

This difference re inforces  the hypothesis 
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Table 2. Comparison of gas component evolution among three  pyrolysis cases 

Gas evolution, cm3 (STP)/g coa l  (maf) 
H2 CO C02 CH4 C Is C ' s  C q t s  

2 3 

Powder, 3.3 C o / m i n  t o  950°C ( r e f .  3) 134 48 60 7 l  8.5 -- a --a 
Block, 3.0 C"/min t o  950°C 387 154 75 60 12 .4  6.4 1 . 2  
Block, 2 .0  C"/min t o  1000°C 317 101 78 76 17.1 9.8 1.7 

%ot reported. 

Conclusions and Future Plans 

Dewatering of coa l  blocks at  i n  s i t u  moisture l eve l s  was  sham t o  markedly a f f ec t  
pyrolysis gas production by being the  ra te - l imi t ing  mechanism i n  heat t ransfer ,  and 
by causing se l f -gas i f ica t ion  of the  block as  steam di f fuses  from a shrinking core of 
damp coal through a hot,  outer l aye r  of char. 
d i f fuse  outward mqy a l s o  contribute t o  the  increased combustible gas evolution of 
block pyrolysis compared t o  powder pyrolysis.  

Cracking of product o i l  vapors as they 

These r e su l t s  influence modeling and design of i n  s i t u  coa l  gas i f ica t ion .  Since 
no da ta  a re  available on coal-block pyrolysis,  improved understanding of heat and mass 
t r ans fe r  e f f ec t s  s ign i f i can t ly  improves semitheoretical  models which have depended 
on powder pyrolysis data. For s a t i s f ac to ry  resource recovery, the  shrinking core 
of unreacted coal makes it c r i t i c a l  t o  l i m i t  flame-front speed. 
moves too  f a s t ,  only an outer l aye r  of any l a r g e  masses of coa l  w i l l  be gasified,  
leaving damp, ungasified centers behind the  f ront .  

If t h e  flame f ron t  

More experimentation i s  planned t o  quantify and expand these r e su l t s .  Specifi-  
cally,  a matrix of experiments i s  being performed a t  0.3 C"/min and at 3.0 C"/min, 
proceeding t o  maximum temperatures of 500 t o  1000°C. Analyses w i l l  be made of da ta  
on o i l ,  char, and gas y ie lds ;  o i l ,  char, and gas compositions; thermal h i s to r i e s ;  
and o i l  and gas physical properties.  Later experiments a re  planned t o  inves t iga te  
the  e f f ec t s  of pressure, reducing gas atmospheres, and other coal ranks ( l i gn i t e s ,  
caking and noncaking bituminous coa ls ) .  
accurate model of pyrolysis as it a f fec t s  i n  s i t u  coal. gas i f ica t ion .  

The ultimate r e s u l t  i s  a s a t i s f a c t o r i l y  
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CHARACTERISTICS OF CHARS PRODUCED BY PYROLYSIS FOLLOWING 

RAPID HEATING OF PULVERIZED COAL 
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The Pennsylvania  S t a t e  U n i v e r s i t y ,  M a t e r i a l  Sciences Department, 
Univers i ty  Park ,  Pennsylvania  16802. 

INTRODUCTION 

Due a t  l e a s t  p a r t l y  t o  t h e  dwindl ing n a t i v e  s u p p l i e s  of  o i l  and n a t u r a l  gas ,  
major research  and development e f f o r t s  aimed a t  conver t ing  c o a l  i n t o  a l t e r n a t i v e  f u e l s  
a r e  c u r r e n t l y  underway i n  t h i s  count ry .  During t h e s e  v a r i o u s  coa l  convers ion  process- 
e s  two main events  t a k e  p l a c e ,  namely: ( i )  e v o l u t i o n  of t h e  v o l a t i l e s  (pyro lys i s )  and 
( i i )  g a s i f i c a t i o n  of t h e  s o l i d  r e s i d u e .  

The understanding of  t h e  mechanisms of p y r o l y s i s  and g a s i f i c a t i o n  of coa l  
i s  t h e r e f o r e  important  f o r  achiev ing  op, t imizat ion of any conversion process .  Never- 
t h e l e s s ,  t h e  complexity of t h i s  s u b j e c t  m a t t e r  i s  so g r e a t  t h a t  i t  i s  always d e s i r a b l e  
t o  s tudy p y r o l y s i s  s e p a r a t e l y  from g a s i f i c a t i o n .  Accordingly,  t h i s  paper  d e s c r i b e s  
experiments i n  which c l o s e l y  s i z e  graded pulver ized  c o a l  p a r t i c l e s  were pyrolyzed ( i n  
a laminar flow p y r o l y s i s  furnace)  fo l lwoing  a r a p i d  r a t e  of heat ing.  The r e s u l t i n g  
c h a r s  were examined t o  de te rmine  t h e  changes i n  p h y s i c a l  c h a r a c t e r i s t i c s  due t o  rapid 
hea t ing .  

EXPERIMENTAL 

Apparatus The appara tus  b u i l t  f o r  s tudying  p y r o l y s i s  fo l lowing  r a p i d  h e a t i n g  of pul- 
v e r i z e d  coa l  I s ,  i n  p r i n c i p l e ,  s i m i l a r  t o  t h a t  of  Badzioch and Hawksley (1). It w a s  
s p e c i f i c a l l y  designed t o  accomplish t h e  fo l lowing  major f u n c t i o n s  i n  t h e  given order :  
( i )  feed  c o a l  p a r t i c l e s  i n t o  t h e  p y r o l y s i s  f u r n a c e  a t  a known r a t e ,  ( i i )  r a i s e  the 
temperature  of t h e  p a r t i c l e s  as r a p i d l y  as p o s s i b l e  ( i . e .  a t  a r a t e  approaching l o 4  
OC/sec) to t h e  predetermined tempera ture  ( i . e .  t h a t  of the  p y r o l y s i s  medium), ( i i i )  
a l low t h e  p a r t i c l e s  t o  be pyrolyzed a t  t h i s  temperature  f o r  a s p e c i f i c  t i m e ,  ( i v )  rap- 
i d l y  cool  t h e  products  t o  suppress  f u r t h e r  p y r o l y s i s  r e a c t i o n s ,  and (v)  s e p a r a t e  s o l i d  
( i . e .  char )  from t h e  gaseous p r o d u c t s .  

The major components of t h i s  a p p a r a t u s  (F igure  1) a r e :  a p y r o l y s i s  furnace, 
a gas  prehea t  furnace ,  a f u e l  supply system, and a cyclone.  A l l  t h e s e  components have 
been descr ibed  i n  d e t a i l  e l sewhere  ( 2 ) .  
gas  prehea t  furnaces .  The p y r o l y s i s  furnace  c o n s i s t s  of  two c o n c e n t r i c  McDanel MV 30 
m u l l i t e  tubes.  The i n n e r ,  r e a c t i o n  t u b e  i s  5.08 cm i d ,  5.72 c m  od, and 58.42 cm long; 
t h e  o u t e r ,  'winding tube  i s  6.35 cm i d ,  6.985 cm od,  and 50.8 cm long .  The winding 
tube  c a r r i e s  two d i f f e r e n t  s i z e s  of Kanthal  A-1 h e a t i n g  elements w i t h  spacing of about 
1 .5  windings per  cent imeter  over  a t o t a l  l e n g t h  of 45.72 cm. Six shunt  t a p s  were con- 
nected to  t h e  e l e c t r i c a l  c i r c u i t  of t h e  furnace  t o  provide c o n t r o l  over  t h e  shape of 
t h e  gas  temperature  p r o f i l e  i n  t h e  r e a c t i o n  zone. 
and t h e  furnace  housing (which w a s  made of s t a i n l e s s  steel s h e e t ) ,  w a s  f i l l e d  with 
f i b r e f r a x  i n s u l a t i o n .  The gas  p r e h e a t  furnace  ( o r  p r e h e a t e r )  a l s o  c o n s i s t s  of a 
McDanel MV 30 m u l l i t e  tube  of 1.905 c m  i d ,  2.54 cm od ,  and 5 3 . 4 3  cm long .  S i l i c o n  
c a r b i d e  (SIC) b a r s  were used as t h e  h e a t i n g  elements .  The prehea ter  was i n s u l a t e d  a s  
s p e c i f i e d  f o r  the p y r o l y s i s  furnace .  The w a l l  temperatures  of t h e  f u r n a c e  and pre- 
h e a t e r  tubes w e r e  Ipeasured wi th  chromel/alumel  thermocouple beads placed along the  
tubes.  The p y r o l y s i s  g a s  tempera ture  p r o f i l e  i n  t h e  r e a c t i o n  zone was measured with 
a sua11 suc t ion  pyrometer a l s o  us ing  a cnromel/alumel thermocouple bead. Tne temper- 
a t u r e s  of t h e  furnace  and p r e h e a t e r  t u b e s  w e r e  each c o n t r o l l e d  by a TEM PRESS temper- 
a t u r e  c o n t r o l l e r .  

Procedure 

Following i s  a summary on t h e  p y r o l y s i s  and 

The space  between t h e  winding tube 

With t h e  temperature  c o n t r o l l e r s  of t h e  p y r o l y s i s  and gas  p r e h e a t  furnaces  
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s e t  a t  955 and 965 OC,  r e s p e c t i v e l y ,  and a t  t h e  t o t a l  n i t r o g e n  gas  ( p y r o l y s i s  medium) 
f low r a t e  s e l e c t e d ,  t h e  temperature  of n i t r o g e n  gas  i n  t h e  Teac t ion  zone was 808 O C .  

An a p p r o p r i a t e  arrangement of t h e  shunts  a c r o s s  t h e  shunt  taps  rendered t h i s  n i t r o -  
gen gas  temperature p r o f i l e  reasonably  f l a t  (2) .  The gas  f low i n  t h e  p y r o l y s i s  f u r -  
nace was laminar wi th  a Reynolds number of 438. Laminar f low h e l p s  t o  keep t h e  
pyrolyzing coa l  p a r t i c l e s  i n  a narrow stream down t h e  furnace  a x i s .  

Coal from t h e  hopper (Fig. 1) was c a r r i e d  i n t o  t h e  p y r o l y s i s  furnace  through 
a water-cooled, and i n s u l a t e d  feeder  probe by a smal l  f low of t h e  primary n i t r o g e n  
gas  s t ream. This feeder  was chosen such  t h a t  i t s  c o l d  v e l o c i t y  w a s  approximately 
i s o k i n e t i c  with t h e  hot  secondary s t ream; t h i s  has  been found t o  d i s t u r b  t h e  p a r t i c l e  
s t ream t h e  l e a s t  (1). 
water-cooled, i n s u l a t e d  probe. Adjustment of t h e  probe a l t e r e d  t h e  r e s i d e n c e  t i m e  
i n  t h e  furnace .  

In t h e  f u r n a c e , t h e  p a r t i c l e s  were c o l l e c t e d  by an a d j u s t a b l e  

The coa l  p a r t i c l e s  i n  t h e  furnace  were i n  a d i l u t e  suspension (gas t o  s o l i d  
r a t i o  w a s  about 80 t o  1) and consequent ly  were heated t o  t h e  gas  temperature  a t  a 
r a t e  of about 8000 OC/sec. The p a r t i c l e s  were allowed t o  pyrolyze a t  t h e  r e a c t i o n  
temperature  f o r  a s p e c i f i c  t ime,  determined by t h e  c o l l e c t i o n  probe p o s i t i o n .  To 
avoid d i s t u r b i n g  t h e  f low of  gas  in t h e  p y r o l y s i s  furnace ,  t h e  s u c t i o n  rate used f o r  
a s p i r a t i n g  the  s o l i d  and gas ious  products  i n t o  t h i s  probe w a s  kept  e s s e n t i a l l y  i s o -  
k i n e t i c  wi th  t h e  f low stream i n  t h e  furnace .  Sol id  and gaseous products  were separ -  
a t e d  i n  a small cyclone.  The fol lowing c o n d i t i o n s  were kept  cons tan t  throughout t h e  
i n v e s t i g a t i o n :  ( i )  c o a l  feed r a t e  = 0.5 /min, ( i i )  t o t a l  n i t rogen  g a s  f low r a t e  
i n t o  t h e  pyro lys i s  furnace  = 31.72 L/min f29.74 L/min from t h e  secondary s t ream and 
1.98 t /min from t h e  primary stream], ( i i i )  g a s  s u c t i o n  r a t e  i n t o  t h e  c h a r  c o l l e c t o r  
probe = 16.99 L / m i n ,  ( iv )  f i n a l  p y r o l y s i s  temperature  = 808 O C ,  and (v) p r e s s u r e  = 
normal a tmospheric .  The p y r o l y s i s  of c o a l  p a r t i c l e s  was determined a s  a f u n c t i o n  of 
t h e  mean p a r t i c l e  s i z e  by weight (50 - 181 pm), i so thermal  p y r o l y s i s  t i m e  (0.018 - 
1.025 seconds) ,  and parent  c o a l  ( t h r e e  l i g n i t e s ,  Table  1). 

RESULTS 

Weight Loss 
the  hea t ing ,  isothermal ,  and cool ing  p e r i o d s .  Based on t h e  p a r t i c l e  cool ing  r a t e  
of 2 . 7 2  x l o 4  OC/sec i n  t h e  c h a r  c o l l e c t i o n  probe, 
s is  dur ing  the  cool ing  per iod was n e g l i b l e  compared t o  t h a t  occur r ing  a t  t h e  maximum 
temperature  ( 2 ) .  Experimental r e s u l t s  a l s o  showed t h a t  p y r o l y s i s  dur ing  t h e  r a p i d  
h e a t i n g  per iod ( t h e  d u r a t i o n  of which w a s  about  0.095 s e c  f o r  a l l  t h e  p a r t i c l e  s i z e s  
s t u d i e d )  was n e g l i g i b l e  compared t o  t h a t  occur r ing  a t  t h e  maximum temperature  (2) .  
On t h e  b a s i s  of these  r e s u l t s  i t  was concluded t h a t  p y r o l y s i s  i n  t h e  laminar  f low 
furnace  occurred under e s s e n t i a l l y  i so thermal  c o n d i t i o n s .  

Coal p a r t i c l e s  f lowing downwards i n  t h e  p y r o l y s i s  furnace  went through 

i t  was concluded t h a t  pyroly-  

Under t h e  experimental  c o n d i t i o n s  g iven  above, t h e  t o t a l  r e s i d e n c e  t i m e  of 
n i t r o g e n  gas  i n  t h e  r e a c t i o n  zone of 30.48 c m  i n  l e n g t h  w a s  0 .3  second. Small c o a l  
p a r t i c l e s  were assumed t o  t r a v e l  a t  t h e  same v e l o c i t y  as t h e  gas, implying t h e r e f o r e  
t h a t  t h e i r  t o t a l  res idence  t i m e  i n  t h e  r e a c t i o n  zone w a s  a l s o  0.3 second. Since no 
a p p r e c i a b l e  pyro lys i s  occurred dur ing  t h e  r a p i d  h e a t i n g  per iod ,  t h e  maximum i s o t h e r -  
mal p y r o l y s i s  time (? i s0)  could be obta ined  from t h e  d i f f e r e n c e  between t h e  t o t a l  
res idence  time and h e a t i n g  time i n  t h e  r e a c t i o n  zone, i . e .  ~i~~ = 0.3  - 0.095 = 0.205 
second. 
of c o a l  p a r t i c l e s  was n e g l i g i b l e ,  t h e  h e a t i n g  ra te  of t h e s e  p a r t i c l e s  was es t imated ,  
on t h e  assumption o f  l i n e a r  r i s e ,  t o  be 8000 O C / s e c  ( 2 ) .  

Assuming t h a t  t h e  temperature  g r a d i e n t  between t h e  c e n t e r  and t h e  s u r f a c e  

Due t o  t h e  geometr ic  c o n f i g u r a t i o n  of  t h e  a p p a r a t u s  (Fig.  1) a p p r e c i a b l e  
amounts of s o l i d s  missed t h e  char  c o l l e c t i o n  probe,  render ing  a d i r e c t  m a t e r a i l  ba l -  
ance  u n r e l i a b l e .  Therefore ,  weight l o s s  (i.e. v o l a t i l e  y i e l d )  w a s  determined us ing  
a s h  a s  a t r a c e r .  For  each l i g n i t e  s t u d i e d ,  weight l o s s  was expressed as f u n c t i o n  of 
mean p a r t i c l e  s i z e  by weight and i so thermal  p y r o l y s i s  t i m e .  
l i g n i t e  (PSOC-246) were recyc led  i n t o  t h e  p y r o l y s i s  furnace  one o r  more t i m e s  g iv ing  

Some samples of one 

103 



a maximum cumulat ive i so thermal  p y r o l y s i s  t i m e  of 1 .025 seconds.  
iment showed t h a t  r e c y c l i n g  t h e  samples i n t o  t h e  furnace  had no measurable e f f e c t  on 
t h e  k i n e t i c s  of t h e  p y r o l y s i s .  A s i m i l a r  r e s u l t  w a s  obtained by Anthony e t  a l .  (3) .  

A s u b s i d i a r y  exper- 

Typical  r e s u l t s  on weight l o s s  a r e  presented  i n  F igures  2 and 3. 
dashed curves i n  t h e s e  f i g u r e s  a r e  genera ted  by t h e  empir ica l  Badzioch and Hawks ley  
Equation, us ing  t h e  p h y s i c a l  k i n e t i c  c o n s t a n t s  given i n  Table  2: 

The s o l i d /  

where AW i s  t h e  weight l o s s  expressed as a percentage  of t h e  o r i g i n a l  dry-ash-free 
c o a l ,  VM, is t h e  proximate v o l a t i l e  m a t t e r  of c o a l  on dry-ash-free b a s i s ,  Q i s  t h e  
so-cal led Q-factor, C i s  t h e  Badzioch and Hawksley empir ica l  c o n s t a n t ,  k i s  t h e  re -  
a c t i o n  r a t e  c o n s t a n t ,  and T~~~ i s  a s  def ined  above. 

The r e s u l t s  i n  F i g u r e s  2 and 3 show t h a t :  ( i )  weight l o s s  depends on t h e  
p a r t i c l e  s i z e  and p y r o l y s i s  t ime,  smaller s i z e s  and longer  t i m e s  g iv ing  g r e a t e r  
weight l o s s ,  ( i i )  t h e  agreement between t h e  experimental  and c a l c u l a t e d  weight l o s s e s  
i s  good f o r  t i m e s  s h o r t e r  than about  0 . 2  second,  b u t  t h e  d i s p a r i t y  becomes g r e a t  
t h e r e a f t e r ,  and ( i i i )  t h e  e x t e n t  of weight  l o s s  f o r  t h e  two l i g n i t e s  (PSOC-90 and 
PSOC-246) i s  comparable; t h i s  i s  perhaps due t o  t h e  f a c t  t h a t  these  l i g n i t e s  a r e  
q u i t e  similar as f a r  as chemical  composi t ion goes (Table 1). 
behavior  s i m i l a r  t o  t h a t  of PSOC-90 and PSOC-246, and hence i s  omit ted here .  

C h a r a c t e r i s t i c s  of Coals and Chars 
t h e  o r i g i n a l  c o a l s  and t h e  subsequent  c h a r s  w e r e  determined as fol lows:  
en and carbon d i o x i d e  s p e c i f i c  s u r f a c e  a r e a s  c a l c u l a t e d  from t h e  BET and Dubinin- 
Polanyi  equat ions  (4, 5 ) ,  us ing  t h e  a d s o r p t i o n  d a t a  a t  77  and 298 OK, r e s p e c t i v e l y ;  
( i i )  apparent  and t r u e  d e n s i t i e s  ob ta ined  from mercury and helium displacements ,  as- 
suming t h a t  samples were proper ly  degassed ( 6 ) ;  and ( i i i )  t o t a l  open pore  volumes 
and p o r o s i t i e s ,  c a l c u l a t e d  from mercury and hel ium d e n s i t i e s .  

PSOC-140 exhib i ted  a 

The fo l lowing  p h y s i c a l  c h a r a c t e r i s t i c s  o f  both 
( i )  ni t rog-  

For each l i g n i t e  s t u d i e d ,  t h e  changes i n  t h e  s t r u c t u r a l  parameters  were 
determined as a f u n c t i o n  of t h e  mean p a r t i c l e  s i z e  by weight and i so thermal  p y r o l y s i s  
time. Typical  r e s u l t s  a r e  given i n  F i g u r e s  4 and 5 .  The f i g u r e s  show t h a t :  ( i )  
t h e  s p e c i f i c  s u r f a c e  a r e a s  i n c r e a s e  w i t h  i n c r e a s i n g  p y r o l y s i s  t i m e ,  t h e  i n c r e a s e  
becoming more a p p r e c i a b l e  a f t e r  t i m e s  g r e a t e r  than  about  0.2 second, ( i i )  t h e  helium 
d e n s i t y  g r a d u a l l y  i n c r e a s e s  w i t h  i n c r e a s i n g  p y r o l y s i s  t i m e ,  whereas t h e  mercury dens- 
i t y  decreases  wi th  t i m e ,  r a p i d l y  a t  f i r s t ,  t h e n  more s lowly l a t e r ;  bo th  d e n s i t i e s  
tend t o  l e v e l  o f f  a f t e r  about  0 .6  second, and ( i i i )  t h e  t o t a l  open pore  volumes and 
p o r o s i t i e s ,  which were c a l c u l a t e d  from t h e  d e n s i t y  d a t a ,  r a p i d l y  i n c r e a s e  w i t h  in-  
c r e a s i n g  p y r o l y s i s  t ime,  tending  t o  l e v e l  of f  a f t e r  about  0 .6  second; t h i s  l as t  re- 
s u l t  i s  given elsewhere ( 2 ) .  

C o r r e l a t i o n  Between Weight Loss  and Some P h y s i c a l  S t r u c t u r a l  Parameters  The re lease  
of v o l a t i l e  mat te r  dur ing  p y r o l y s i s  r e s u l t s  i n  a development i n  t h e  i n t e r n a l  poros i ty  
of t h e  i n i t i a l  m a t e r i a l .  This  i s  a d i r e c t  r e s u l t  of one or  a combination of the 
fol lowing:  
( i i i )  enlargement of e x i s t i n g  and/or  newly developed pores .  
i n t e r n a l  p o r o s i t y  can be fol lowed by measuring t h e  changes i n  t h e  phys ica l  s t r u c t u r a l  
parameters  g iven  above. This  type  of  in format ion  i s  important  because t h e  na ture  
of pore  s t r u c t u r e  of a p a r t i c u l a r  c o a l  determines t o  a l a r g e  degree t h e  e x t e n t  of 
i t s  r e a c t i v i t y  dur ing  a given c o a l  convers ion  process .  
6 and 7 show t h e  development of t h e  pore  s t r u c t u r e  of PSOC-90 and PSOC-246 as a 
d i r e c t  r e s u l t  of v o l a t i l e  matter r e l e a s e .  

( i )  opening of prev ious ly  c losed  pores ,  ( i i )  opening of new p o r e s ,  and 
The development of the  

The r e s u l t s  given i n  Figures  

DISCUSSION 

Experimental r e s u l t s  showing n e g l i g i b l e  p y r o l y s i s  dur ing  t h e  r a p i d  heat ing 
per iod  a r e  supported by c a l c u l a t i o n s  based on  f i r s t  o rder  non-isothermal k i n e t i c s .  
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D e t a i l s  on  these  c a l c u l a t i o n s  a r e  given elsewhere ( 2 ) .  
of gas ( i . e .  v o l a t i l e s )  r e l e a s e  dur ing  c o a l  p y r o l y s i s  i s  ( 7 )  

B r i e f l y ,  assume t h a t  t h e  r a t e  

dV/dt = k(Vo - V) 2 )  

where Vo i s  t h e  volume of  g a s  l i b e r a t e d  a t  i n f i n i t e  t i m e ,  V i s  t h e  volume of gas  l i b -  
e r a t e d  a t  time t ,  and k = ko exp(  - E/RT) where ko is t h e  frequency f a c t o r ,  E is t h e  
a c t i v a t i o n  energy,  R i s  t h e  gas  c o n s t a n t ,  and T i s  t h e  temperature .  Equat ion 2 was 
used t o  es t imate  the  v a r i a t i o n  of f r a c t i o n a l  weight l o s s  of v o l a t i l e s  (V/Vo) wi th  
t i m e  . 

The va lues  of k were determined exper imenta l ly  (2) and t h a t  of ko was e s t i -  
mated t o  be  of t h e  order  of The r e l a t i o n  k = ko exp(  - E/RT) was 
then used t o  es t imate  t h e  v a l u e s  of a c t i v a t i o n  e n e r g i e s  (E). For example for  k = 
2.6 
from t h e s e  c a l c u l a t i o n s  a r e  given i n  F i g u r e  8. 
f r a c t i o n a l  weight l o s s  of v o l a t i l e s  dur ing  t h e  h e a t i n g  per iod  i s  n e g l i g i b l y  small  
(< 2%) f o r  a l l  v a l u e s  of E > 55 kcal /mole.  
f o r  ko which, i n  t h i s  p a r t i c u l a r  c a s e ,  g i v e s  a v a l u e  of 63 kcal /mole f o r  E ,  then  t h e  
r e s u l t s  i n  F igure  8 are c o n s i s t e n t  w i t h  t h e  experimental  f i n d i n g .  

sec-' (8 ) .  

sec-' and T = 1081 OK (Table 2 ) ,  E was found t o  be  % 63 kcal /mole.  The r e s u l t s  
I t  is c l e a r  from F i g u r e  8 t h a t  t h e  

I f  one a c c e p t s  t h e  v a l u e  of  10  l3 sec-' 

While Badzioch and Hawksley's empir ica l  Equat ion 1 c o r r e l a t e s  f a i r l y  w e l l  

For example t h e i r  assumption t h a t  C remains a 
wi th  t h e  experimental  d a t a  a t  s h o r t  i so thermal  p y r o l y s i s  times (Figures  2 and 3 ) ,  i t  
should be t r e a t e d  wi th  some r e s e r v e .  
p o s i t i v e  cons tan t  v a l u e  a t  i n f i n i t e  t i m e  f o r  weakly swel l ing  c o a l s  i s  c o n t r a r y  t o  
k i n e t i c  expec ta t ions .  It can  be shown us ing  t h e  two-component hypothesis  t h a t  C 
approaches zero a t  i n f i n i t e  t i m e  ( 2 ) .  Badzioch and Hawksley's v a l u e  of 0.14 f o r  C 
was neve the less  used i n  t h i s  i n v e s t i g a t i o n  (2) s i n c e  it gave r e s u l t s  t h a t  c l o s e l y  
approximated t h e  expimental r e s u l t s  a t  s h o r t  t i m e s .  

CONCLUSIONS 

This  s tudy g i v e s  a n  i n s i g h t  i n t o  t h e  p y r o l y s i s  behavior  of pu lver ized  c o a l  
fo l lowing  a r a p i d  r a t e  of h e a t i n g  i n  a laminar  f low furnace .  It is  a l s o  h e l p f u l  f o r  
t h e  understanding of t h e  r e a c t i v i t i e s  of p a r t i c u l a r  c o a l s  wi th  common g a s i f y i n g  gas- 
es (e .g .  steam, a i r ,  oxygen, carbon d i o x i d e ,  hydrogen). For example, t h e  r e s u l t s  
show t h a t  t h e  change i n  t h e  s p e c i f i c  s u r f a c e  areas becomes a p p r e c i a b l e  only a t  t o t a l  
res idence  times g r e a t e r  than 0 .3  second ( i . e .  a t  p y r o l y s i s  t i m e s  g r e a t e r  t h a t  0.2 
second) a t  % 808 O C .  This  type  of in format ion  should be h e l p f u l  i n  a s s e s s i n g  t h e  
s u i t a b i l i t y  of p a r t i c u l a r  c o a l s  f o r  g a s i f i c a t i o n  and/or  determining t h e  u t i l i z a t i o n  
processes  f o r  which they a r e  most s u i t a b l e .  
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Table  1 

Chemical Analyses of Coals 

Coal I d e n t i f i c a t i o n  Chemical Analys is  ( i n  weight pe rcen t )  

(dry) (daf )*  "Itimate Code No. Or ig in  o r  ASTM Rank Proximate 
Source Area Range Analysis+ Analysis** (dry)  Waf)*  

L i g n i t e  Seam; 
PSOC-140 Darco Mine, Lig- 

Texas n i t e  

Lower L i g n i t e  
PSOC-90 Seam; Savage Lig- 

Mine, Montana n i t e  

Coteau Seam; 
psoc-246 Glen Harold Lig- 

Mine, North n i t e  
Dakota 

V o l a t i l e  Ma t t e r  46.0 50.4 
Fixed Carbon 45.3 49.6 
Ash 8.7 - 

V o l a t i l e  Mat te r  39.9 43.5 
Fixed Carbon 51.7 56.5 
Ash 8 .4  - 

V o l a t i l e  Ma t t e r  43.7 47.5 
Fixed Carbon 48.3 52.5 
Ash 8.0 - 

C 
H 
N 
S 
0 
Ash 

C 
H 
N 
S 
0 
Ash 

C 
H 
N 
S 
0 
Ash 

65.0 
4 .7  
1.1 
0.7 

1 9 . 1  
9.4 

64.8 
4.4 
0 . 7  
0 . 3  

20.3 
9 .5  

64.1 
4 .4  
1 . 4  
0.6 

19 .8  
9.7 

7 1 . 7  
5.2 
1 . 3  
0 .7  

21.1 
- 

7 1 . 6  
4 .9  
0.8 
0.3 

22.4 
- 

71.0 
4.9 
1 . 6  
0 .6  

21.9 
- 

* daf = dry-ash-free;  ** Data obta ined  from t h e  Penn S t a t e  Un ive r s i ty  Coal Data Base; 
+ Proximate a n a l y s i s  f o r  s i z e  graded m a t e r i a l s  (200x325 mesh f o r  PSOC-140, 200x270 
mesh f o r  PSOC-90 and PSOC-246). 

Table  2 

Reac t ion  Ra te  Cons tan ts  f o r  P y r o l y s i s  of  Coal 

PSOC-140 PSOC-90 PSOC-246 
Constant 200x325 mesh 200x270 mesh 2cOx270 mesh 

x = 50 pm* x = 58 urn* x = 64 Urn* 

Tf (OC) 770 808 8 08 

Q 1 . 9  2.1 1 .8  

k Csec-') 3.1 2.2 2.6 

* = mean p a r t i c l e  s i z e  by weight 
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PRODUCT COMPOSITION A N D  KINETICS OF LIGNITE PYROLYSIS 
Eric i4. Suuberg, William A .  Peters, and Jack R .  Howard 

Department of Chemical Engineering and Energy Laboratory 
Massachusetts I n s t i t u t e  of Technology 

Cambridge, Massachusetts 021 39 

SU :,lMA R Y 

The pyrolysis of pulverized islontana l i g n i t e  by t ine-resolved measurement of 
the yields  and compositions of products formed under control led temperature-time 
h i s t o r i e s  was studied in  a capt ive sample apparatus. 
held i n  a folded s t r i p  of s t a i n l e s s  s tee l  screen was electr ical1.y heated under hoth 
1 atm helium and vacuum i n  a vessel connected t o  a s e r i e s  of product recovery 
t raps .  The temperature of the sample was measured w i t h  a thermocouple. !{eating 
r a t e ,  peak temperature a t ta ined ,  and residence time a t  the peak temperature were 
independently varied i n  the ranges 100-10'"C/s, 150-11OO0C, and 0-10s. 
y ie lds  of char  and t a r  were determined gravimetr ical ly  and selected char samples 
were subjected t o  elemental ana lys i s .  
carbon dioxide, hydrogen, and hydrocarbon gases and l i q h t  l iqu ids  were determined 
by gas chromatography. 

The y ie lds  of a l l  the v o l a t i l e  products increase monotonically \ v i t h  tempera- 
t u r e  and approach asymptotic values a t  the higher temperatures. 
1 atm helium the ul t imate  y i e l d s ,  i n  percent by weight o f t h e  l i g n i t e  (as-received) ,  
a r e  16.5 I water ( including 6.5 X moisture) ,  9.5 X carhon dioxide, 9.4 % carhon 
monoxide, 5 .4  % t a r ,  1.3 X methane, 0.6 I ethylene, 0.5 % hydrogen, and 0.9 F 
ethane,  propylene, propane, benzene, and t race  hydrocarbons. 
44.0 X i s  c lose  t o  the .ISTI4 v o l a t i l e  n a t t e r  p l u s  moisture (43.7 X ) .  
the  higher temperatures v o l a t i l i z e s  ahout 70 % of the s u l f u r  and about 25 % o f  the 
nitrogen; the  percent by weight of  s u l f u r  in  the char is l e s s  than t h a t  i n  the 
l i g n i t e  b u t  the reverse  i s  t r u e  f o r  nitrogen. 

indicat ive of the occurrence of f i v e  pr incipal  phases of devola t i l i za t ion :  mois- 
tu re  evolution a t  about.lOO°C; a la rqe  i n i t i a l  evolution of carhon dioxide 
beginning a t  about 450"C, probably from decarboxylations, and a small amount of t a r  
formation; evolution of  chemically formed water and a small amount  of  carbon dioxide 
a t  50O-7OO0C; rapid evolut ion of carbon monoxide, carbon dioxide, t a r ,  hydroyen, 
hydrocarbon gases ,  and only l i t t l e  water a t  700-900°C; high-temperature formation 
of carbon monoxide and carbon dioxide. The k ine t ics  of the production of each 
product i s  modelled with one t o  three independent para l le l  f i r s t - o r d e r  react ions.  
The frequency d i s t r i b u t i o n  of a l l  the  ac t iva t ion  energies  derived f o r  the various 
products by f i t t i n g  t h e  present composition data agrees well w i t h  the  Gaussian 
d is t r ibu t ion  obtained previously from weight loss  data  f o r  the same l i g n i t e .  

INTRODUCTION 

based on the iiieasurement of coal weight l o s s ,  referred t o  as  v o l a t i l e s  y ie ld(1-5) .  
The work i s  now being extended t o  include v o l a t i l e s  composition measurements and 
elelllental analysis  o f  the char f o r  the same ranges of experimental conditions cov- 
ered in the previous study. To this end, the  previous apparatus has been modified 
t o  permit t h e  co l lec t ion  and ana lys i s  of v o l a t i l e s .  This paper presents the f i r s t  
set of composition d a t a ,  f o r  l i g n i t e  pyrolysis ,  and some i n i t i a l  in te rpre ta t ions  of 
pyrolysis behavior i n  the l i g h t  of the products formed. 

A thin layer  o f  par t ic les  

The 

The y ie lds  of  water, carbon monoxide, 

A t  lOOO"C/s and 

The t o t a l  y ie ld  of 
Pyrolysis a t  

The individual product y ie lds  vary with temperature in a s e r i e s  of s teps  

Previous research a t  t4.I.T. on coal pyrolysis  in  i n e r t  gas  and in  hydrogen was 

N'PARATUS AND PROCEDURE 
The apparatus (Fig.  1 )  cons is t s  of f i v e  components: the reac tor ,  designed t o  

Contain a coal sample in  a gaseous environment of knowl. 7ressure and composition; 
t h e  e l e c t r i c a l  system, used t o  expose the  sample t o  a control led time-temoerature 
h i s t o r y ;  the  time-temperature monitoring systcm; the product col lect ion system; 
and the  product ana lys i s  system. 
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The reac tor ,  designed f o r  atmospheric-pressure and vacuum pyrolysis work, 
cons is t s  of a 6-inch (15.24 cm) long, 3-inch (7.62 cm) diameter pyrex g lass  pipe, 
blind-flanged a t  both ends by s t a i n l e s s  s tee l  p l a t e s  having e l e c t r i c a l  feedthrouqhs 
and gas i n l e t  and o u t l e t  ports .  The coal sample is held and heated in the vessel 
by a folded s t r i p  of 325 mesh s ta in less  s t e e l  screen positioned between two 
r e l a t i v e l y  massive brass  e lectrodes as  shown i n  Fig. 2 .  

The e l e c t r i c a l  system cons is t s  of two automobile s toraqe b a t t e r i e s  connected 
in  s e r i e s  t o  the reac tor  e lectrodes through a timer-controlled re lay  switch which 
cuts  i n  e i t h e r  of two var iable  r e s i s t o r s  a t  a predetermined time. T h i s  c i r c u i t r y  
permits independent control of heating r a t e  (102-10'"C/s) and f ina l  sample holding 
time and temperature (150-llOO°C for  up to 30 s ) .  
of coal i s  recorded by a chromel-alumel thermocouple (24 urn wire diam., 75 pm 
bead diameter) placed within the sample and connected t o  a Sanborn fast-response 
recorder. 

Approximately 10-15 mg of  powdered coal is  spread in  a layer  one t o  two p a r t i -  
c les  deep on a preweighed screen which i s  reweighed and inser ted between the  brass 
e lectrodes.  The reac tor  is evacuated and flushed three  t o  f i v e  times with helium 
and then s e t  a t  the desired experimental pressure. The sample temperature is  
ra i sed  a t  a desired r a t e  t o  a desired holding value which i s  then,maintained u n t i l  
the  c i r c u i t  i s  broken. 
rapidly since the e lec t rodes ,  the vessel and i ts  gaseous contents  remain cold 
d u r i n g  the experiment, b u t  not  so rapidly a s  to  avoid, the occurrence of  s ign i f icant  
weight loss during cooling. 

The y i e l d  o f  char ,  which remains on the screen,  i s  determined gravimetr ical ly .  
Products t h a t  condense a t  room temperature ( t a r s  and o i l s ,  hereaf te r  defined as 
t a r s )  a re  co l lec ted  primarily on f o i l  l i n e r s  w i t h i n  the reac tor  and on a paper f i l t e r  
a t  t h e  e x i t  of  the  reactor .  Any condensation on non-lined reactor  surfaces  i s  col-  
l ec ted  by washing w i t h  methylene chloride soaked f i l t e r  paper. 
three col lec t ions  i s  measured gravimetr ical ly .  

of  a run by purging the reac tor  vapors through two l i p o p h i l i c  t raps .  
cons is t s  Of a 3 inch (7.62 CIS) long, 1/11 inch (0.635 cm) diameter t u b e  containinq 
50/80 mesh Porapak Q chroniatographic packing. 
temperature, and c o l l e c t s  intermediate weight o i l s  such a s  benzene, toluene, and 
xylene. The second t r a p  is a 15 inch long, 1/4 inch diameter tube (39.1 cm x 
0.625 cm) a l s o  packed w i t h  Porapak Q b u t  operated a t  -196°C i n  a dewar of l iquid 
ni t rogen.  This t r a p  c o l l e c t s  a l l  fixed gases produced b.y pyrolysis ,  with the 
exception of  hydrogen which is determined by d i r e c t  vapor phase sampling w i t h  a 
precis ion syr inge.  

t r a p  to  240°C and the  second to  100°C. 
f i rs t  trap a r e  analyzed on e i t h e r  a 50/80 mesh, 3 % OV-17 or  Porapak Q column, G f t  
x 1 /8  i n  (183 cm x 0.31s cm). The fixed gases from the second t r a p  are analvzed on 
a 12 f t  x 1 /4  i n  (366 cm x 0.635 cm) 50/80 mesh Porapak r) column, temperature pro- 
grammed from -70 t o  240°C a t  a r a t e  of 16"C/min. 
10 f t  x 1/8 i n  (305 cm x 0.318 cm) SO/lOO mesh Spherocarb column a t  0°C. A Perkin- 
Elmer ;,lode1 3920 I) cliromatograph w i t h  dual thermal conductivitylflame ionizat ion 
detectors  and a Perkin-Elmer llodel 1 in tegra tor  a r e  used f o r  a l l  the  analyses. 

Elemental analyses  of the  raw coal and char sariples were performed hy Galbraith 
Laboratories, Inc. o f  Knoxville, Tennessee. 

The weight  of the  coal and screen was determined to 'wi th in  20.01 mg; hence, 
the uncertainty of the  t o t a l  weight loss  measurement i s  about 0.1 :! by weiqht o f  
the coal .  The products quant i ta ted chromatographically (except I!$) a re  subject  
t o  ca l ibra t ion  uncer ta in t ies  of 1 to  3 7: of the mass of the  species  measured. 
The water measurements were somewhat more troublesome because of (1) moisture loss  
from the coal during the s h o r t  time lapse between weigliing the sample and perforninq 
the r u n  and (2)  moisture gain by the experimental system durinq assenhlv under h i g h  
humidity condi t ions.  
these opposing e f f e c t s  i s  about 2 7: by weight o f  t h e  coal .  

The temperature-time h is tory  

Sample cooling by convection and rad ia t ion  then occurs 

The t a r  from a l l  

Products i n  the vapor phase a t  room temperature a r e  col lected a t  the conclusion 
The f i r s t  t r a p  

T h e  t r a p  is operated a t  room 

Products a r e  recovered f o r  gas chroniatographic analysis  by warminq the  f i r s t  
The intermediate weight o i l s  from the 

The hydrogen i s  analyzed on a 

The net uncertainty i n  the neasured water yields  caused by  
The t a r  measurement 
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has i t s  l a r g e s t  uncertainty i n  the  washing procedure. The maximum e r r o r  f o r  
atmospheric pressure runs i s  about 1 7L by weight of the coal .  
t a i n t y  of the thermocouple measurements i s  about 2 8OC over the present range of 
temperatures. The a b i l i t y  of the selected thermocouple e f fec t ive ly  t o  t rack the 
temperature of the sample a t  the highest  heating r a t e s  was confirmed by experi- 
ments with thermocouples of d i f f e r e n t  bead diameters. 

the screen may be a source o f  e r r o r ,  f o r  example through ca ta lys i s  of primary 
pyrolysis  o r  secondary cracking reac t ions .  
the screen included passivat ion of the sur face  w i t h  a vacuum deposited layer  of 
gold on some screens and copper on o thers ,  and var ia t ion of the number of layers  
of untreated screen t h r o u g h  which the v o l a t i l e s  had t o  escape. Both gold and 
copper are  l e s s  c a t a l y t i c  t o  cracking react ions t h a n  i s  s t a i n l e s s  s t e e l ,  and 
diffusion of these metals i n  s t a i n l e s s  s t e e l  i s  too slow t o  destroy the i n t e g r i t y  
of  the surface layer  i n  even the longest residence times of t h i s  study. 
these cases lead t o  s i g n i f i c a n t  differences i n  the t o t a l  y ie ld  of v o l a t i l e s  or i n  
the  composition of gaseous products included i n  the  present study. Therefore, 
any e r r o r  caused by the  screen appears t o  be negl igible  f o r  present purposes. 
T h i s  r e s u l t  i s  not surpr i s ing  i n  view of  the h i g h  escape veloci ty  of vo la t i les  
from the sample and hence the low residence time of v o l a t i l e s  near hot screens. 
iievertheless, untreated s t a i n l e s s  s tee l  screens i n  a s imi la r  apparatus a re  
reported(6)  t o  r e a c t  s i g n i f i c a n t l y  w i t h  hydrogen su l f ide .  This species i s  not 
of present concern. 
RESULTS 

l i g n i t e  (Savage Mine, Knife River Coal Co.) i n  the p a r t i c l e  size ranqe 53-88 um 
(74 um average diameter) (Table 1 ) .  

The inherent uncer- 

Some d isco lora t ion  of the screen used t o  hold the sample caused concern t h a t  

Experimental assessment of the r o l e  of 

None of 

All the r e s u l t s  here reported a r e  f o r  a p a r t i a l l y  dr ied (as-received) Montana 

Table 1. Charac te r i s t ics  of the P a r t i a l l y  Dried Liclnite 
Proximate Analysis, U1 timate Analysis, Petroqraphi c Analysis 
W t .  %(as-received)  Ilt.7. (as-received) ( ' d t  ."/,mineral -matter-free) 
I loi s tu re  6.8 Carbon 59.3 V i t r i n i t e s  63.7 
V . i l .  36.9 Hydrogen+ 4.5 Semi -Fus i n i  t e  1 5.2 
F . C .  46.4 Wi trooen 0.9 Fusini te  7.3 
Ash 9.9 Sulfur  1.1 'licroni t e  5.2 
Total 100.0 Jxygen*+ 17.5 t x i n i  t e  2.0 

* By di f fe rence ,  using measurements of  o ther  elements, moisture and ash. 
+ Exclusive of moisture content. 

(see -he v o l a t i l e  product compositions shown in Fig. 3 were obtained when 
d i f fe ren t  samples of the l i q n i t e  under 1 atm (101.3 kPa) of helium were heated a t  
approximately lOOO"C/s t o  various peak temperatures indicated on the abscissa .  
The samples were cooled a t  roughly 200°C/s beqinning immediately when the peak 
temperature was a t ta ined .  The t o t a l  y ie ld  of  any oroduct o r  qroup of products i s  
given on the ord ina te  as a weight percent of the p a r t i a l l y  dr ied l i q n i t e .  

w i t h  increasing temperature t o  an asymptotic maximum of about 5.4 % by weiqht of 
the l i q n i t e  a t  tenperatures  above 750 t o  800°C. 
primary components. 
as  a film on sur faces .  The o ther  cons is t s  of  dark brown objec ts  which oive the 
irlpression of beinq so l id  pieces of l i g n i t e  t h a t  were presumably broken of! of 
the parent material and car r ied  away with the v o l a t i l e s .  

Base Data W i t h  the  exception of the data  points carryinq a double symbol 

The lowest curve represents  the y ie ld  of  t a r  as defined above, which increases 

The t a r  appears t o  have two 
One i s  a heavy, tawny brown l iqu id- l ike  material which deposits 

These " p a r t i c l e s  , some 
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F iqu re  3. 
e n t  Peak Temperatures. [ ( o )  t a r ;  ( A )  t a r  and o t h e r  hydrocarhons (HC);  
( * )  t a r ,  HC, and C O ;  (0) t a r ,  HC,  CO and COZ; (T )  t o t a l ,  i.e., t a r ,  I iC ,  
CO, C02, and H20. Pressure = 1 atrn (he l ium).  
10005C/s; ( p o i n t s  i n s i d e  0)  7,100 t o  lO,09O”C/s; (po in ts  i n s i d e  A )  770 t o  
47C”C/s; ( p o i n t s  i n s i d e  3 ) 100O’C/s b u t  two-ste!, heat inq.  (curves)  F i r s t -  
o r d e r  model us inq parameters shown i n  Table 51. 

P y r o l y s i s  Product  D i s t r i b u t i o n s  from I - i q n i t e  Ileated t o  Q i f f e r -  

t k a t i n q  r a t e : ( s i n q l e  p o i n t s )  
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of which appear to  b e  agglomerates, a r e  f o r  the most p a r t  sr ia l ler  than 10 pni 
across b u t  sometimes a s  la rge  as 25 pm. 
the tawny l iqu id  and a f rac t ion  of the par t ic les  appears t o  dissolve i n  nethy- 
lene chloride. 
of the small y ie lds .  

hydrogen and a l l  hydrocarbons l i g h t e r  than tar. The maximum yie ld  o f  these 
species occurs a t  the higher temperatures and i s  only about 3.3 ?.! by weight of  
the l i g n i t e .  The main components a r e  methane (1.3 X ) ,  ethylene ( O . G % ) ,  a n d  
hydrogen (0.5 %), with i d e n t i f i e d  ethane, propylene, propane, and benzene and 
unidentified t race  hydrocarbons making  up the balance. 
on yields  of  methane, hydrogen and ethylene i s  shown i n  F i g .  4. 
temperature i s  increased above 500°C the methane and ethylene yields  increase 
rapidly to siiiall asymptotic values i n  the range 600 - 700OC. 
i n  temperature beyond 700°C e f f e c t s  a dramatic increase i n  the yield of both 
species ,  and a second asymptote i s  reached a t  about 850°C for  ethylene and 
about 900°C f o r  methane. 
behavior b u t  hydrogen production, on the other  hand, appears t o  occur in one s tep  
a t  re la t ive ly  high temperatures. 

The top curve i n  Fig. 3 represents  the t o t a l  y i e l d  of v o l a t i l e s  while, pro- 
ceeding downward, the f i r s t ,  second and th i rd  regions between adjacent curves 
represent the  y ie lds  of  water, carbon dioxide, and carbon monoxide, respect ively.  
The yields  of these pr incipal  oxygenated species a r e  shown in m r e  de ta i l  i n  
Fig. 5 where a l l  three appear t o  approach high-temperature asymptotic yields  of 
16.5 % for  water, 8.4 % f o r  carbon dioxide, and 7.1 7: f o r  carbon monoxide. The 
carbon oxides each e x h i b i t  a l s o  a lower-temperature asymptote. 

Although most o f  the pyrolysis i s  complete f o r  peak temperatures aSove about 
900 t o  1000°C, there  i s  i n  f a c t  y e t  a th i rd  s tep  i n  the curves for  the  carbon 
oxides which occurs a t  about 1100°C and therefore  does not  appear in Fig. 5. 
Since th i s  temperature i s  the upper l i m i t  of the apparatus ,  invest iqat ion of t h i s  
t h i r d  step was accomplished by use of a longer residence time technique. 
was heated a t  1000°C/s to  1000°C and there  held f o r  5 t o  10 s rather  than being 
immediately cooled a s  before. 
asymptote of 9 . 4 8 w h i l e  t h a t  of carbon dioxide is 9.5 %. The y ie lds  of the o ther  
species were not  changed by the  additional residence time. T h u s  prolonged heating 
a t  1000°C gave a t o t a l  v o l a t i l e s  y ie ld  of 44.0 % by weight of the l i a n i t e  which i s  
c lose  t o  the  ASTM v o l a t i l e  matter plus moisture (43.7 X ) .  

40 I by weight of the l i g n i t e  is vola t i l i zed  a t  the higher temperatures, only 22 % 
of the carbon is  v c ? a t i l i z e d .  
and oxygen, which i s  cons is ten t  with the observed predominance of water aciong the 
v o l a t i l e  products. Pyrolysis  a t  the higher temperatures removes about 70 % of the 
su l fur  from the s o l i d  mater ia l ,  b u t  the nitrogen is  reduced b.y only about 25 %. 
Consequently, the sulfur content (percent by weight) i n  the  char i s  lower than 
t h a t  of the l i g n i t e ,  but the  reverse i s  t rue  f o r  ni t rogen.  
by Kobayashi e t  a1.(7,8)  i n  an entrained flow reac tor  show t h a t  the fract ional  
evolutions of s u l f u r  and nitrogen a r e  increased t o  a t  l e a s t  135 7; and 65 %, res- 
pect ively,  as the  pyrolysis  of :,lantana l i g n i t e  i s  extended to  1800°C. 
of ASTll a s h  i n  the  char  from most of the present experiments i s  l e s s  than t h a t  
in  the raw l i g n i t e ,  which i s  q u a l i t a t i v e l y  s imi la r  t o  a previous observation(7,G). 

and char were analyzed. 
( t o t a l  l ess  t h e n  1 % by weight of the l i g n i t e )  were assumed t o  be 90 % carbon 
and 10 % hydrogen by weight. Typical resu l t s  for four runs t o  d i f f e r e n t  peak 
temperatures a r e  presented in Table 2 along w i t h  t o t a l  mass balances. Nhereas 
the mass balances a r e  exce l len t  and the carbon and hydrogen balances are  satis- 
factory,  the  oxygen balances a r e  marginal. 

About 75 % of the t a r  includin? most of 

Extensive analysis  of any one t a r  sample i s  d i f f i c u l t  because 

The dis tance between the t a r  curve and the next one above i t  represents 

The e f f e c t  of temperature 
Idhen the peak 

Further increase 

The y ie ld  of t a r  a l s o  exhib i t s  a s imi la r  two-step 

T h e  coal 

The resu l t ing  carbon monoxide y ie ld  exhib i t s  a f inal  

Elemental analyses  of selected char samples a r e  shown i n  Fig. 6 .  Although over 

[lost of the v o l a t i l e  material comes froni hydrogen 

Similar data obtained 

The weight 

Elemental balances were calculated f o r  runs i n  which b o t h  v o l a t i l e  products 
For estimation purposes, t a r  and t race  hydrocarbons 

Since oxygen i n  char i s  determined by 
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d i f f e rence ,  u n c e r t a i n t i e s  i nhe ren t  i n  the  o t h e r  measurements a r e  absorbed i n  t h e  
oxygen values. 

Product hea t ing  va lue contents  -- i.e.,  mass y i e l d  x n e t  ( l ower )  hea t inq  
va lue on a mass bas i s  -- shown i n  F ig .  7 were estirnated from t h e  p roduc t  y i e l d s  
i n  Table 2 and soiae a d d i t i o n a l  t a r  and gas measurements. Heat ing values o f  t he  
l i g n i t e  and char were c a l c u l a t e d  f rom t h e  elemental analyses (Table 1 and 
F i g .  G )  using the c o r r e l a t i o n  o f  I . lott  and Spooner (I) here ad jus ted  t o  a n e t -  
hea t ing  value, as-received bas is .  The n e t  hea t ing  va lue o f  t he  t a r  and t h a t  o f  
hydrocarbons o t h e r  than  methane, e thy lene  and t a r  were assumed t o  be 16,000 and 
19,700 Btu (37.2 and 45.8 KJ/g) r e s p e c t i v e l y .  
e thy lene,  hydrogen and carbon monoxide were, o f  course, known. 

The hea t ing  va lue contents  o f  t he  gas and t a r  f o l l o w  t h e  two-step behav io r  
assoc iated w i t h  t h e  appearance o f  many o f  t he  i n d i v i d u a l  components. 
h ighe r  temperatures, t h e  gas accounts f o r  a maximum o f  a lmost  15 I of the  h e a t i n g  
va lue content  i n i t i a l l y  i n  t h e  l i g n i t e ,  and t h e  t a r  f o r  about 8 Z. A t  a tempera- 
t u r e  o f  about 1000°C, t h e  char  r e t a i n s  almost 70 I o f  the  h e a t i n g  va lue on t h e  
same basis .  The vo lumet r i c  n e t  h e a t i n g  va lue o f  t h e  gas produced a t  peak tem- 
peratures above about 900°C i s  about 380 Dtu/s td.  cu. f t .  (14.2 !,!J/m3) on a d r y  
bas is .  

The t o t a l  h e a t i n g  va lue content  o f  a l l  products  appears f i r s t  t o  increase 
and then t o  decrease as t h e  peak temperature increases.  P y r o l y s i s  appears t o  be 
endothermic over a range o f  lower  t o  i n te rmed ia te  temperatures where t h e  t o t a l  
hea t ing  va lue content  o f  a l l  t he  products  i s  g r e a t e r  than t h a t  o f  t he  s t a r t i n g  
m a t e r i a l .  A t  h ighe r  temperatures, however, t h e  t o t a l  becomes l e s s  than  the  
i n i t i a l  va lue and t h e r e f o r e  p y r o l y s i s  t o  those temperatures may be t h e r m a l l y  
n e u t r a l  o r  exothermic. 
t a t i v e  assessment o f  heats  o f  p y r o l y s i s .  

E f f e c t  o f  Teiii erature-T ime I l i s t o D  Data p o i n t s  i n s i d e  squares i n  F i g .  3 
were c t a i n e d  with' the baye-c-ns g i ven  above h u t  m o d i f i e d  as f o l l o w s .  The 
l i g n i t e  was f i r s t  heated t o  an i n te rmed ia te  temperature and then  cooled t o  room 
ternperature as before.  The r e s u l t i n g  char  was then  heated t o  a h i g h e r  temperature 
and again cooled. The f i g u r e  shows cumu la t i ve  p roduc t  y i e l d s  f o r  bo th  cyc les .  
The in te rmed ia te  temperatures f o r  t he  p o i n t s  a t  855°C and 1070°C a re  483°C and 
670"C, r e s p e c t i v e l y .  The y i e l d s  o f  a l l  products  i n  bo th  cases a r e  n o t  s i g n i f i c a n -  
t l y  d i f f e r e n t  from those obta ined when t h e  l i g n i t e  i s  heated d i r e c t l y  t o  t h e  f i n a l  
peak temperature. Th is  obse rva t i on  i s  c o n s i s t e n t  w i t h  t h e  p rev ious  conc lus ion  
from weight  l o s s  data (3,4) t h a t  t h e  p y r o l y s i s  r e a c t i o n s  o c c u r r i n g  a t  h i g h e r  
temperatures a re  l a r g e l y  independent o f  those o c c u r r i n ?  a t  lower  tei:iperatures. 
Such behavior  i s  i n d i c a t i v e  o f  n u l  t i p l e  p a r a l l e l  independent r e a c t i o n s  as opposed 
t o  cosipeti t i v e  reac t i ons .  

The e n c i r c l e d  da ta  p o i n t s  i n  F ig .  3 were obta ined a t  h e a t i n q  r a t e s  o f  7,100 
t o  10,OOO°C/s which i s  approx imate ly  ten- t imes h i q h e r  than t h a t  o f  t he  base data.  
The p o i n t s  i n  t r i a n g l e s  rep resen t  da ta  taken a t  270 t o  470"C/s. !io c l e a r  e f f e c t  
o f  hea t ing  r a t e  i s  observed over  t h e  ranoe here used. 
t h i s  be i iav ior  i s  expected f o r  independent p a r a l l e l ,  r a t h e r  than compe t i t i ve  reac -  
t i o n s .  

mi t i g n a r  Up t o  a temperature o f  8OO0C, t he  t o t a l  v i e l d  o f  v o l a t i l e s  and 
t h e i r  composit ion a re  i n d i s t i n g u i s h a b l e  f rom t!iose produced under 1 atm (101.3 
kPa) of  he l ium a t  rough ly  the  same h e a t i n g  r a t e s .  
d i f f e r e n c e s  a re  noted i n  bo th  t o t a l  y i e l d  and p roduc t  composit ion. 
occu r r i ng  a t  a peak temperature o f  l 0 0 O O C  can be seen i n  Table 3. The temperature 
dependence o f  t he  pressure e f f e c t  on t h e  y i e l d s  o f  snme key components, i s  shown i n  
F i g .  8 .  C o l l e c t i o n  o f  a l l  t he  t a r  formed under vacuufii i s  d i f f i c u l t .  ,Ahereas a t  
atiiiospheric pressures most o f  t he  t a r  s tays suspended as an aerosol  u n t i l  i t  i s  
purged through the  f i l t e r ,  t a r  produced under vacuum ,deposits u n i f o r m l y  across a l l  

The hea t ing  va lues of t he  methane, 

A t  t h e  

The approxiniat ions used i n  t h i s  ana lys i s  prec lude quan t i  - 

I t  i s  shown below t h a t  

Ef fect  o f  Pressure Some runs were conducted under vacuum c o n d i t i o n s  (0.05 

Above P,OO"C, however, ohservable 
The d i f f e r e n c e s  
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The modelling o f  coal pyrolysis  as  a s e t  of independent para l le l  react ions 
having a s t a t i s t i c a l  d i s t r i b u t i o n  of ac t iva t ion  energies has heen shown to  provide 
valuable ins ight  i n t o  the overal l  or  global k ine t ics  of the process(3) .  
products i n  the  present  study dominated by a few individual species and c lasses  
of species ,  e,g. t a r ,  there  is i n t e r e s t  i n  determining whether pyrolysis can he 
e f fec t ive ly  modelled as only a few react ions representing the production of these 
key products. 

A s  a f i r s t  t e s t  of t h i s  approach, the appearance of product i i s  modelled as 
a react ion f i r s t - o r d e r  i n  the amount of i yet t o  be produced. T h u s  f o r  the reac- 
t ion  

W i t h  the 

Coal + Producti (1)  
the  assumed f i r s t - o r d e r ,  r a t e  i s  * 

dVi/dt = k i ( V i  - V i )  
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and the r a t e  constant  i s  assumed t o  be 

k .  1 = k. 10 eKp(-Ei/RT) ( 3 )  

where kio i s  t h e  pre-exponent ia l  f a c t o r ,  E. i s  t h e  a c t i v a t i o n  energy o f  r e a c t i o n  
i, V i  
product  i which cou ld  p o t e n t i a l l y  be produced, ( i .e . ,  a t  t = -), T i s  t h e  abso lu te  
temperature, and K i s  t he  gas constant .  Assuming t h a t  temperature increases 
l i n e a r l y  w i t h  t ime, as i t  does i n  our  experiments, w i t h  t h e  cons tan t  r a t e  
dT/dt  = m, s o l u t i o n  o f  t h e  above equations g i ves  

i s  t h e  amount o f  product  i p r o d d e d  up t o  t ime  t, V; i s  the’amount o f  

Since Ei/RT >> 1 i s  a good approx imat ion f o r  coa l  decomposit ion reac t i ons ,  the 
s o l u t i o n  becomes 

(v; - vi ) / V i  = exp[-(kioKT2/mEi)exp(-Ei/RT)] (5)  

This  equat ion i s  p l o t t e d  i n  F i g .  9 f o r  a c t i v a t i o n  energ ies t y p i c a l  o f  
organic  deconiposi t i o n  r e a c t i o n s  (see Table 4 )  and a t y p i c a l  pre-exponent ia l  f a c t o r  
o f  k., = 1.G7 x lO”s-’. 
the aata on t o t a l  y i e l d  o f  v o l a t i l e s  i s  ev iden t  f rom t h i s  f i g u r e ;  never the less,  
t h i s  approach has been taken by many workers f o r  c o r r e l a t i n g  p y r o l y s i s  data.  

It can be seen f rom t h e  wide range o f  m a t e r i a l s  l i s t e d  i n  Table 4 t h a t  
organic  decomposit ion r e a c t i o n s  encompass a wide range o f  a c t i v a t i o n  energ ies 
and pre-exponent ia ls .  
which i s  f a r  more complex than t h a t  o f  t he  m a t e r i a l s  i n  Table 4 ,  decomposes t h e r -  
m a l l y  t o  produce numerous products  and t h a t  these products  e x h i b i t  d i f f e r e n t  
a c t i v a t i o n  energ ies.  I,lhen a s, ingle f i r s t - o r d e r  r e a c t i o n  i s  used t o  model coa l  
p y r o l y s i s ,  the a c t i v a t i o n  energy and pre-exponent ia l  f a c t o r  a r e  fo rced  t o  be ve ry  
low i n  order  t o  f i t  t h e  o v e r a l l  temperature dependence t h a t  a c t u a l l y  r e s u l t s  f rom 
the  occurrence o f  d i f f e r e n t  r e a c t i o n s  i n  d i f f e r e n t  temperature i n t e r v a l s .  
r e s u l t s  a re  sometimes i n t e r p r e t e d  as r e f l e c t i n g  t r a n s p o r t  l i m i t a t i o n s  because t h e  
paranieters a re  too  low f o r  o rgan ic  decompositions. Th is  p o i n t  i s  f u r t h e r  d iscussed 
e l  sewhere(5). 

Considerably more success i s  a t t a i n e d  when t h e  f i r s t - o r d e r  model i s  a p p l i e d  t o  
the appearance o f  s i n g l e  products .  
species a re  n o t  adequately descr ibed by one f i r s t - o r d e r  process. 
a l a r g e  number o f  p a r a l l e l  r e a c t i o n s  w i t h  a d i s t r i b u t i o n  o f  a c t i v a t i o n  enerq ies f o r  
i n d i v i d u a l  spec ies ( lE ) ,  a s i m p l i f y i n g  assumption i s  made t h a t  one, two o r  t h r e e  
p a r a l l e l  reac t i ons ,  depending on the  observed behavior ,  descr ibes t h e  fo rma t ion  of 
c e r t a i n  key products. 
a r i s e  from more than one t ype  o f  reac tan t ,  o r  f rom more than  one r e a c t i o n  pathway. 

each experimental run  t o c o n s t r u c t  bes t  f i t  curves f o r  t he  y i e l d  data. The 
r e s u l t i n g  k i n e t i c  parameters a r e  sumnarized i n  Table 5. The curves shown i n  F igs .  
3 , 4 ,  and 5 were c a l c u l a t e d  us ing  these parameters and t h e  model, f o r  a s tandard i zed  
experiment i n  which coa l  i s  heated a t  lOOO”C/s t o  t h e  peak temperature, and then 
cooled a t  2OO0C/s back t o  room temperature. The curves f i t  the  da ta  w e l l  f o r  most 
species, and i i i ode l l i ng  w i t h  o n l y  one o r  two r e a c t i o n s  appears s u f f i c i e n t  i n  a l l  
cases except t h e  carbon ox ides which r e q u i r e  a t h i r d  r e a c t i o n  f o r  da ta  above 
about 1000°C ( n o t  shown here) .  
cooperate t o  g i v e  a smooth t o t a l  weight  l o s s  curve. 
t h a t  a l a r g e  f r a c t i o n  o f  t h e  t o t a l  weight  l o s s  i s  due t o  t h e  oxygenated species. 

The inadequacy o f  t he  s i n g l e - r e a c t i o n  model i n  f i t t i n g  

I t i s  n o t  s u r p r i s i n g  t h a t  coa l ,  t h e  chemical s t r u c t u r e  o f  

The 

As i s  i m p l i e d  i n  F igs .  3 t o  5, many i n d i v i d u a l  
Rather than  u t i l i z i n g  

The mechanis t ic  i m p l i c a t i o n  i s  t h a t  a g i ven  species may 

The f i r s t - o r d e r  model was used w i t h  t h e  measured t ime- temperature h i s t o r y  o f  

F igu re  3 shows how t h e  va r ious  i n d i v i d u a l  r e a c t i o n s  
Again, t h i s  f i g u r e  emphasizes 
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Table 4. Kinetic Parameters f o r  Pyrolysis of  Various Organic l l a t e r i a l s  

Polymethyl-methacrylate (C511g02)r 
Avq. Holecular !It. 150,000 
A V O .  rlolecular ' I t .  5,100,flOC 

Polymethyl ac ry la t e  (C4H602), 

Cel lulose (C6ti1n05)n 

i la ter ia l  Pyrolyzed 

overal l  
overal l  

overal l  

overal l  

_I-_- -. ______ 
Ferul ic  k i d  (ClOYl0O4) 

Perylene Tetracarboxyl i c  Acid 
Anhydride (C241i81)6) 

Protocatechuic Acid (C71i604) 

Naphthalene Tetracarboxyl i c  
Acid (C14H8:18) 

! l e l l i t i c  Acid (C12H6012) 

T a r t a r i c  Acid (C41i606) 

Polystyrene (C8H8)n 

Teflon (C2F4),, 

Polyethylene (C2H4), "Phase 1 "  
"Phase 2" 

llydrogenated Polystyrene (CSHl4 

-__I 

'roducta 

cn 
cop 

( H20 ) 1 
("20)2 

co2 

tI2O 

tI9O 

H2° 

overal l  
overa 1 1 

overal l  

overal l  
overal l  

overal l  

_____l__l___l_ __l__l__ 

a .  Denotes sDecies whose evolut ion i s  desc 

xperi - 
iental 
ernp. ,OC 

_-_ 
l';n-751 

400-690 
400-60rl 

50-30n 
59-300 
50-300 

100-250 

?3Oh 

1 q5$ 

3orlh 

575b 

385-4n5 

335-350 

335-355 

.155-fir-l5 

373-353 

273-798 

?40-270 
310-325 

285-300 

250-100 
250-350 

hedbv-f 

9c t i  vatic 
Cnerqy, 
kcal/molc 

3 7 . 7  

71.5 
64.Q 

18.8 
42.n 

--___ 

40.4 

33.5 

16.6 

42.0 

77 
5n 

G7-69 

48 
71 

52 

59 

58 

33 
55 

37 

33.4 
35 

paramete 
an d i f f e ren t '  s t ages  of water evolution a r e  denoted h y  (Ii 0 )  

r e f e r s  t o  a l l  products combined. 
Temperature of  maximum pyrolysis  r a t e .  

2 1  
b. 

-- 
Pre- 
Exponen- 
t i a l  - Factor -- ,s- - 
6 .Ox1 1' 
5 .2x1016 17 
5 . 0 ~ 1 0  

2 . 7 ~ 1 0  
2 . 3 ~ 1 0  

8 

5 

1 . 6 x 1 ~ 1 5  

1 .2x1q17 

2. 3 x ~  o5 

6 . 7 ~ 1  n17 

8.3x1 n2? 
9 . 0 ~ 1 0 ~  

4 .  3x1014 

11 5 . 2 ~ 1  qlR 
8 . 7 ~ 1 0  

1 . 4 x 1 ~ 1 4  

7 . 2 ~ 1 9 ~ ~  

8 . 3 X i 0 ~ ~  

3 . 6 ~ 1  1" 
1 .8x1016 

10 1 . 4 ~ 1 0  

6 .8x1On 
3 . 3 ~ 1  O1 
- 

q 1 m  

(HzO)?.  f 

k e f . '  

12. 1 3  
12, 1 3  
12, 1 3  

12, 1 3  
12, 1 3  
12, 1 3  

12, 1 3  

13 

13 

13 
4 

3 

4 
4 

5 

5 

5 

5 
5 

5 

5 
3, 17 

?rail 

I_ 

) 
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Table 5. 
Product 

Total I 

c02 

44.11 

co 

C"4 

C2H4 

HCa 
Tar 

H20 

H2 

K i  neti ( 
Stage 

1 
2 
3 
1 
2 
3 
1 
2 
1 
2 

1 
2 

'arameters fc 
Ei,  
kcal /mole 

36.2 
64.3 
42.0 
44.4 
59.5 
58.4 
51.6 
69.4 
74.8 
60.4 
70.1 
37.4 
75.3 
51.4 
€8.8 

Ligni te  Pyroly: 
log (kio/s- ' )  

11.33 
13.71 

6.74 
12.26 
12.42 
9.77 

14.21 
14.67 
20.25 
12.85 
16.23 
11.81: 
17.30 
13.90 
18.20 

- 5 

d* Ut.% o f  l i g n i t e  
(as-received) 

5.70 

i '  

2.70 
1.09 
1.77 
5.35 
2.26 

0.92 
0.15 
0.41 
0.95 

0.34 

2.45 
2.93 

16.5 
0.50 
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ACTIVATION ENERGY ( E )  ,kcal /mole 
Fiqure 10. Distr ibut ion of Activation Energies o f  Pyrolysis 9eactions 

[ (o )  cumulative y ie lds ,  from present h a w  d a t a ,  of comonents 
indicated t o  l e f t  of and includinq a given point ;  ( so l id  
curves)  present r e s u l t s  based on v o l a t i l e s  y i e l d s ;  (broken 
curves)  previous r e s u l t s  ' 8 '  based on weight loss  data  and 
two d i f f e r e n t  s e t s  of  k i n e t i c  oarameters]. 
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of a l l  other coinponents shown on points t o  the l e f t  t o  give the indicated cumu- 
l a t i v e  yield;  e .g . ,  the ver t ica l  dis tance between two adjacent points  represents 
the ultimate y ie ld  of  the coniponent specif ied on the higher point. The s lope 
of the smooth curve d r a m  through the data  gives the frequency d i s t r i b u t i o n  
curve dV*cu,il/V*totdE, which i s  here normalized so t h a t  the area under a segment 
of the curve between two values of ac t iva t ion  energy is  the percentage of the 
t o t a l  ultimate v o l a t i l e  y ie ld  t h a t  i s  associated with ac t iva t ion  energies  i n  
the specif ied i n t e r v a l .  

F i  ure 10 a l s o  presents two d is t r ibu t ions  (broken curves)  obtained pre- 
viouslyql ,5)  f o r  the same l i g n i t e  as was used here ,  but  from a k ine t ic  analysis  
of weight l o s s  data  using a s t a t i s t i c a l l y  la rge  number of react ions having a 
Gaussian d i s t r i b u t i o n  of ac t iva t ion  energies and a l l  having the same pre- 
exponential fac tor .  The left-hand curve was obtained when the pre-exponential 
fac tor  ( k  = 1 . 0 7 ~ 1 0 ' ~ s - ' )  was evaluated a s  one of the ad jus t ib le  parameters, while 
the rightghand curve was obtained using a preferred fixed value of ko(l . 6 7 ~ 1 0 ' ~ s - ' ) .  
The mean ac t iva t ion  energies (Eo) and standard deviat ions (a) of the previous 
d is t r ibu t ions  a re ,  i n  kcal /nole ,  ( l e f t )  Eo=48.7 and 0=9.38 and ( r i g h t )  E0=56.3 
and 0=10.9. S t a t i s t i c a l  ana lys i s  shows t h a t  the present data  a r e  not s i g n i f i -  
cant ly  d i f fe ren t  from a Gaussian d is t r ibu t ion  with Eo and a be ing  53.3 and 11.5 
kcal/mole, respec t ive ly .  The  s i m i l a r i t y  of the present d i s t r ibu t ion  derived 
from product compositions to  the previous r e s u l t s  based on weiqht l o s s  is espe- 
c i a l l y  encouraging s i n c e  ko, which does influence Eo,  was here allowed t o  assume 
a d i f fe ren t  value f o r  each react ion whereas previously a s i n g l e  ko  vas used f o r  
a l l  reactions. 
DIscussIoI~ 

Since coal i s  always "hydrogen-starved'' i n  the  sense t h a t  i t s  empirical 
formula is  usual ly  CH0.6 t o  Ctl ( the  present l i g n i t e  is roughly C1io.g) while the 
desired products a r e  i n  the range C H  t o  CH4, i t  is des i rab le  t o  use the coal 
hydrogen a s  e f f i c i e n t l y  a s  possible .  The oxygen i n  the coal removes most of the 
hydrogen a t  temperatures below those a t  which the pr incipal  hydrocarbon forming 
react ions can occur; t h u s ,  by the time the coal i s  hot enough f o r  the l a t t e r  
react ions t o  occur, there  i s  too l i t t l e  hydrogen l e f t  t o  produce s t a b l e ,  v o l a t i l e  
fragments. The addi t ion  of  hydrogen from outs ide the p a r t i c l e ,  e.g., a s  i n  the 
case of hydrogasif icat ion,  enhances the y ie ld  of v o l a t i l e s  perhaps by s t a b i l i z i n g  
some reac t ive  s i t e s  or  species  t h a t  would otherwise form char(4,5,20-23). This 
hypothesis w i l l  be tes ted  with fu ture  experiments in a hydrogen atmosphere. 

I f  the pyrolysis  react ions t h a t  form water and hydrocarbons a r e  in  competi- 
t ion  f o r  hydrogen, then the  hydrocarbon y ie ld  could perhaps be increased by sub- 
j e c t i n g  the coal t o  a favorable time-temperature his tory.  For example, i n  the  
present  resu l t s  t a r  forming react ions have a higher ac t iva t ion  energy than the 
water forming reac t ions  (75.3 kcal/rnole compared to 51.4 kcal/mole) and hence 
a re  favored 
very h i g h  r a t e s  of heating would be required to  a t t a i n  these higher temperatures 
w i t h o u t  the water forming react ions f i r s t  reaching completion. A t  1000°C/s, the 
water forming reac t ions  a r e  about 90 i% complete before the onset (defined a s  1 b 
completion) of the t a r  forming react ions.  T h i s  analysis  neglects  the low tempera- 
tu re  t a r  forming reac t ions  and a l s o  assumes t h a t  the water and t a r  forning reac- 
t ions are  independent. A t  6O9O0C/s, the water forming react ion a r e  predicted to  
be 75 5 complete when the onset of t a r  formation occurs ( a t  700°C), and a t  
2.8x10 'C/S, the water react ions a r e  only 35 % complete a t  the onset of t a r  
formation ( a t  8 O O O C ) .  
the present study were i n  f a c t  observed(7,8) from Montana l i g n i t e  heated a t  about 
2x10 "C/s t o  about 1800°C. 

by going to  higher temperatures. According to  the present model, 

Total v o l a t i l e  y i e l d s  s i g n i f i c a n t l y  la rqer  than those of 
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It i s  i n t e r e s t i n g  t o  compare t h e  observed p roduc t  d i s t r i b u t i o n s  w i t h  t h o s e t h a t  
would he obta ined i f  a l l  t he  v o l a t i l e s  generated i n  a r u n  were i n  mutual e q u i l i -  
b r i um i n  t h e  presence o f  cha r  a t  t he  f i n a l  temperature o f  t h e  p a r t i c l e s .  
approx imat ion purposes t h e  char  i s  assumed t o  be g r a p h i t e  and the  mole f r a c t i o n  
o f  t he  ambient he l i um ad jacen t  t o  and w i t h i n  t h e  p a r t i c l e s  i s  assumed t o  be 
n e g l i g i b l e .  

Fo r  

E q u i l i b r i u m  r e l a t i o n s  f o r  the r e a c t i o n s  

CO + H20 = C02 + tI2 
c + H20 = co + H* 
C + 2H2 = CH4 

CH4 + H20 = CO + 3H2 

( 6 )  
( 7 )  
( 8 )  

(9) 

i n  t h e  presence o f  excess s o l i d  carbon a r e  shown as curves i n  F i g .  11 where the  
base da ta  a re  g i ven  as p o i n t s .  
from the  l i g n i t e  mo is tu re  i n  the  v o l a t i l e s  ( p o i n t s )  and the  o t h e r  i n c l u d i n q  
o n l y  the  chemical ly  formed water  (no t  shown). 
b i l i t y  t h a t  mois ture i s  l o s t  e a r l y  enough so as t o  be absent from the  r e a c t i n q  
m ix tu re .  The complete o r  p a r t i a l  l o s s  o f  o t h e r s  products  could a l s o  be cons i -  
dered b u t  t h i s  was n o t  done s ince  mo is tu re  loss ,  which appears t o  o f f e r  t h e  
l a r g e s t  p o t e n t i a l  f o r  an e f f e c t ,  i s  found t o  be o f  l i t t l e  s i q n i f i c a n c e  i n  t h i s  
rough ana lys i s .  

F igu re  11 shows t h a t  t h e  data tend  toward l e s s  disagreement w i t h  t h e  
e q u i l i b r i u m  values as temperature increases.  Idhen t h e  t o t a l  pressure o f  
v o l a t i l e s  i s  assumed t o  be 1 atm, which i s  t h e  exper imenta l  pressure under which 
t h e  da ta  were taken, a l l  the r e a c t i o n s  a re  f a r  from e q u i l i b r i u m  w i t h  t h e  excep t ion  
o f  React ion 6 a t  t he  h ighe r  temperatures, where a r a t h e r  c l o s e  approach t o  e q u i l i -  
b r i um cannot be excluded w i t h i n  t h e  l a r g e  u n c e r t a i n t y  o f  t h i s  c a l c u l a t i o n .  
!Reaction 6 i s  t h e  o n l y  one o f  the f o u r  t h a t  i s  independent o f  pressure. 
e q u i l i b r i u m  values f o r  t he  o t h e r  r e a c t i o n s  a l s o  agree rough ly  w i t h  t h e  da ta  i f  the 
assumed t o t a l  pressure o f  t h e  v o l a t i l e s  i s  increased s u b s t a n t i a l l y ,  the va lues 
f o r  React ions 7,8, and 9 dependinq on pressure t o  t h e  powers -1, +1, and -2, 
r e s p e c t i v e l y  . 
are  n o t  i n c o n s i s t e n t  w i t h  c a l c u l a t e d  pressure drops associated w i t h  v o l a t i l e s  
exp lus ion  under the  present  cond i t i ons  o f  r a p i d  p y r o l y s i s .  
betveen t h e  e q u i l i b r i u m  values and t h e  data f o r  an assumed pressure o f  1000 atm i s  
i n t r i q u i n g .  We do n o t  know t o  what e x t e n t  such a h i q h  pressure p r o p e r l y  r e f l e c t s  
c o n d i t i o n s  developed w i t h i n  r a p i d l y  p y r o l y z i n g  l i g n i t e ,  b u t  we n o t e  t h a t  i n t e r n a l  
pressures o f  t h i s  o rde r  o f  magnitude ( a )  would be c a l c u l a t e d  i f  i t  i s  assumed t h a t  
t he  fo rma t ion  o f  v o l a t i l e s  w i t h i n  the  pores l a r g e l y  precedes the escape theref rom, 
and (b) would appear t o  be r e q u i r e d  t o  f r a c t u r e  t h e  p a r t i c l e s  based on t h e  s t r e n g t h  
o f  t h e  ma te r ia l .  
"sparking", a phenomenon t h a t  could account f o r  t h e  p a r t i c u l a t e  m a t e r i a l  he re  
found i n  t h e  t a r  as no ted  above. 

A l though t h e  foregoing e q u i l i b r i u m  a n a l y s i s  i s  f a r  from d e f i n i t i v e ,  i t  i s  
probably  sa fe  t o  conclude t h a t  t h e  f i n a l  m i x t u r e  o f  v o l a t i l e s  i s  c l o s e r  t o  e q u i l i -  
br ium than are t h e  pr imary v o l a t i l e s  and, t he re fo re ,  t h a t  mass t r a n s p o r t  and 
secondary reac t i ons  w i t h i n  t h e  p a r t i c l e s  do p l a y  some r o l e  i n  determin inq product  
d i s t r i b u t i o n s .  
c o n d i t i o n  prov ided by vacuum p y r o l y s i s  leads t o  somewhat h iqhe r  y i e l d s  o f  hydro- 
carbon l i q u i d s  and t a r s  and correspondingly  lower  y i e l d s  o f  l i g h t  hydrocarbon and 
carbon ox ide  qases. The behavior  i n d i c a t e s  t h a t  more v o l a t i l e s  c r a c k i n q  wi th in  
p a r t i c l e s  occurs a t  1 atm than under vacuum, b u t  t he  d i f f e r e n c e  a f f e c t s  no  more 
than about 5 I o f  the  t o t a l  l i g n i t e  m a t e r i a l .  The f a c t  t h a t  t h i s  e f f e c t  i s  smal l  
suppor ts  t h e  p i c t u r e  t h a t  t h e  pressure i n s i d e  l i g n i t e  p a r t i c l e s  d u r i n q  r a p i d  pyro-  
l y s i s  i s  indeed h i g h  and t h e r e f o r e  n o t  s t r o n q l y  dependent on e x t e r n a l  pressure i n  

Two cases a r e  considered, one i n c l u d i n g  wa te r  

The l a t t e r  case covers t h e  p o s s i -  

The 

V o l a t i l e s  pressures much l a r q e r  than 1 atm w i t h i n  the  pores o f  t he  p a r t i c l e s  

The agreement i n  Fig. 11 

L i g n i t e s  r a p i d l y  heated a r e  known t o  e x h i b i t  f r a c t u r i n q  o r  

Thus, a t  temperatures above about 8OO"C, t he  enhanced mass t r a n s p o r t  

1 3 3  
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the range 0 t o  1 atm. 
within the  pores may be much la rger  than the change observed i n  aoing from 1 atni 
t o  vacuum conditions. 

empirical nature of pyrolysis  models, such a s  the  one employed here ,  t h a t  do not 
e x p l i c i t l y  account f o r  these e f fec ts .  The k ine t ic  parameters obtained by appl i -  
cat ion of the present inultiple para l le l  react ion model t o  species  or ig ina t ing  
in  some combination of primary and secondary react ions a r e  c l e a r l y  overal l  proper- 
t i e s .  Ser ivat ion from the present data  of fundamental propert ies  o f  the  primar,y 
pyrolysis reactions must await a b e t t e r  understanding o f  mass t r a n s f e r  and 
secondary reactions i n  the p a r t i c l e s .  Nevertheless, the demonstrated success 
of the present model i n  cor re la t ing  the data  means t h a t  the mult iple  paCallel 
reaction picture  together with the ident i f ica t ion  from the data  of  key react ions"  
(e.g., s tages  i n  the evolution of a given product spec ies )  i s  a n  e f f e c t i v e  repre- 
sentat ion of primary react ions as modified by the e f f e c t s  of mass t ranspor t  and 
secondary react ions.  
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E = act ivat ion energy, kcal/mole 

E i  
Eo 
f (E)  

Accordingly, the absolute  amount of v o l a t i l e s  cracking 

The suggested r o l e  of mass t ranspor t  and secondary react ions points  up the 

NOIIEPICLATURE 

= act ivat ion energy of react ion forming product i ,  kcal/mole 
= mean o f  ac t iva t ion  energy d i s t r i b u t i o n ,  kcal/mole 
= act ivat ion energy d i s t r i b u t i o n  funct ion,  mole/kcal 

k i  
k i o  

k 0  

m 
il 

t 
T 

v i  
'I* 

i 
\ I *  

= f i r s t -order  r a t e  constant of react ion forming product i ,  5 - l  

= pre-exponential fac tor  in k i ,  s - '  

= pre-exponential fac tor  when a l l  k i o  a r e  assumed equal ,  s-l  

= constant heating r a t e ,  "C/s 
= gas constant ,  kcal/nole K 

= time, s 
= absolute temperature, K 

= amount of product i generated up t o  time t ,  f rac t ion  of the or ig ina l  coal 

= value of Viat t = - (ul t imate  y i e l d ) ,  approximated by measurements a t  lono 
weight 

reaction t i n e s ,  f rac t ion  of  the or iginal  coal weiqht 

v c u m  

V Z o t  
o = standard deviation of ac t iva t ion  energy d i s t r i b u t i o n ,  kcal/oiole 

x i  

= sum of V ?  for  a l l  i w i t h  EizE, f rac t ion  of the or iq ina l  coal weiqht 

= sun1 o f  a l l  V * ,  f rac t ion  o f  the or ig ina l  coal weiqht 
1 

i 

= mole f rac t ion  of component i 
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INTRODUCTION 

Two mathematical models for the hypothesized kinetic 
mechanisms of coal pyrolysis have attracted attention in 
the recent literature. The first model uses a distributed 
activation energy to simulate the pyrolysis mechanism (1-4); 
whereas the second uses a set of six competitive/consecutive 
reactions to model the observed results of coal pyrolysis ( 5 ) .  
These models have been develope4 to assist in the design 
of improved pyrolytic reactor systems €or synthetic fuel 
production. They may a lso  offer an insight into the more 
complicated physical-chemical processes occuring during 
hyrogasification of the coal. 

The models are expected to be useful for studying two 
distinct types of situations. The first type involves 
the prediction of reactor performance €or pyrolysis conditions 
within the range of conditions studied in the laboratory. 
This situation exercises the model's interpolative capability. 
The second type of situation uses the model to predict 
reactor performance under conditions which have not yet 
been carefully studied in the laboratory. This situation 
is inherently more risky, and exercises the model's pre- 
dictive capabilities. 

In this paper we examine the two models from the stand- 
point of their interpolative and 9otential predictive capa- 
bilities. We attempt to offer an insight into the special 
set of properties which make each model attractive. More 
experimental data is required before a meaningful comparison 
of the two models' capabilities can be made. 

MODELS EMPLOYING A DISTRIBUTED ACTIVATION ENERGY 

The concept of a distributed activation energy as 
originally proposed by Vand (6) was adapted to the problem 
of coal devolatilization by Pitt ( 7 ) ,  and later used by 
Hanbaba and his coworkers (81 ,  and Anthony (1-4). The model 
postulates the decomposition mechanism take a large number 
of independent, parallel, first order chemical reactions 
with different activation energies reflecting variations 
in the bond strengths of species composing the coal molecule. 
Following this postulate, the rate of evolution of volatiles 
Vi by reaction i is given by 
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where Vi* r e p r e s e n t s  t h e  e f f e c t i v e  v o l a t i l e  c o n t e n t  of  t h e  
c o a l  (1) d u e  t o  r e a c t i o n  i, and k i  h a s  t h e  customary Arrhenius  
form 

k i  = A i  exp(-Ei/RT). ( 2 )  

I n  Eq. ( 2 )  A i  i s  a c o n s t a n t ,  E i  t h e  a c t i v a t i o n  energy ,  R 
t h e  u n i v e r s a l  g a s  c o n s t a n t ,  and T t h e  tempera ture .  The 
t o t a l  rate o f  e v o l u t i o n  o f  v o l a t i l e s  i s  t h e n  g i v e n  by 

dV - 1 dVi - dt = - ki(Vi* - V i ) .  

R e t u r n i n g  t o  Eq. (1) w e  have  

dVi 
____ = - k i d t  V.*- V i i  

which can  b e  i n t e g r a t e d  t o  g i v e  

vi* - vi  = Vi* e x p ( - l o  t k$t) 

( 3 )  

( 4 )  

Summing b o t h  s i d e s  of Eq. ( 5 )  o v e r  a l l  r e a c t i o n s  i w e  have  

where 

NOM suppose t h a t  t h e  f r a c t i o n  Vi* of t h e  t o t a l  e f f e c t i v e  
v o l a t i l e  c o n t e n t  o f  t h e  c o a l  V* 1 s  evolved  by r e a c t i o n s  w i t h  
a c t i v a t i o n  e n e r g i e s  between E i  - ( 1 / 2 ) i E i  and E i  + ( 1 / 2 ) 6 E i ,  
s o  t h a t  

V* = 1 Vi* and V = 1 Vi . 
i i 

Vi* = V*f * ( E i )  6Ei  ( 7 )  

and 1 f*(Ei )6Ei  = 1. S u b s t i t u t i n g  Eq. (7)  i n t o  Eq. ( 6 )  
i 

we have 

v * - v =  1 v*f*  (Ei) e x p  (-lt 0 k i d t )  6Ei 
1 

F i n a l l y ,  i f  t h e  t o t a l  number of p a r a l l e l  r e a c t i o n s  i i s  
l a r g e  enough, E q . ,  ( 8 )  c a n  be approximated  by t h e  i n t e g r a l  
e q u a t i o n  

( 9 )  
m 

v * - v =  fo V*f*(E) exp(- fE  k d t ) d E  

where l f * ( E ) d E  = 1. 

I n  o r d e r  t o  make Eq. ( 9 )  m a t h e m a t i c a l l y  more t r a c t a b l e ,  
Anthony ( 4 )  assumed f * ( E )  t o  be a Gaussian d i s t r i b u t i o n  w i t h  
mean a c t i v a t i o n  energy  Eo and s t a n d a r d  d e v i a t i o n  a :  
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2 f*(E) = [ J 2 i i ' O ] - '  exp(-(E-Eo) /202). (10) 

With this definition, Eq. (-9) becomes 
V* - V = [JZ;io]-' v*,: exp[-jo t k dt) exp'- ('-',I2 dE (L1) I 1 2 0  

To simplify the mathematics Anthony evaluated the expression 

(12) 1 :(iEn)2]dE % V* - V [m 01-I V* 6 exp(-jo t k dt) exp - 

numerically, choosing the adjustable parameters A,  Eo, a and 
V* so as to achieve a "best fit" with experimental data. 
Although equation (12) contains only one more adjustable 
parameter than that required by a single reaction model, 
Anthony was able to obtain surprizingly good agreement with 
Bxperiment (4). In a recent publication Anthony and Howard 
(1) attribute this agreement to the model's ability to real- 
isticaliy describe multiple decomposition reactions, such as 
are supposed to occur during coal pyrolysis. However, the 
following paragraphs suggest that another interpretation 
of the model's success is also possible. 

We first adapt the concept of a distributed activation 
energy to systems of equations describing irreversible chem- 
ical reactions such as the Reidelbach-Summerfield reaction 
set. These equations have the gene ra l  form 

(13) d E Pi = 1 Xij kij R .  
7 

J 

where P. is the ith product, Xi. are the appropriate stoich- 
iometri; coefficients, kij the Arrhenius rate constants, 
and R, the relevant reactants. Integrating Eo. (13) from 
time t = 0 to t = T yields 

Using the distributed activation energy concept, we suppose 
that at time t each product has been evolved by reactions 
with a distributed activation energy, so that Eq. (13) becomes 

& (6Pik) = TX.. kijk  (6Rjk) (15) j 1 7  

Integrating Eq. 
and the distributed activation energy hypothesis 

(15) from 0 to T with the relation Pi = lapik, 
k 

8R. = R . f  (E.. )8Eijk (16) 
lk 7 13k 
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we have 

P i ( r )  - Pi!O) = I X .  .I' d t  R .  ( t )  l k i j k f ( E . .  ) 6E. j 11 0 l k  l ] k  l j k '  

Taking t h e  l i m i t  6Eijk +O, Eq. ( 1 7 )  becomes 

 pi(^) - Pi(0)  = I X .  j 1 3 0  .I' d t R .  3 ( t ) / ,"ki jkf  (E)dE (18) 

where k i j k  = A i j k  exp(E/RT). 
serves as a n  e f f e c t i v e  r a t e  c o n s t a n t ,  so t h a t  Eq.(18) can be 
w r i t t e n  

The i n t e g r a l  1: k i j k f  (E)dE-E K. . 1 3  

P i ( T )  - P i ( 0 )  = c X i j  1; K i j  R .  d t  (19) I 7 

I f  f ( E )  is chosen  t o  be t h e  Gaussiar d i s t r i b u t i o n  
g i v e n  by Eq. (101, K i j  becomes 

E ( E  - E i . o ) 2  
K . .  = A/. .I" e x p  - - I 202 

1 3  1 3  0 (20)  

w i t h  A i j '  = A i j k / ( G ' u )  for a l l  k. 

c a n  b e  e v a l u a t e d  a n a l y t i c a l l y ,  w i t h  t h e  r e s u l t  

The i n t e g r a l  i n  Eq. ( 2 0 )  

I f  o < < E P i  Eq. ( 2 1 )  can b e  approximated by the r e l a t i o n  

Equat ion  ( 2 2 )  o f f e r s  an i n s i g h t  i n t o  t h e  power o f  t h e  
d i s t r i b u t e d  a c t i v a t i o n  e n e r g y  concept .  A g r a p h  o f  l o g  k 
v s  l /Tneed  n o t  be s t r a i g h t  i n  o r d e r  t o  be  f i t t e d  by  t h e  
e f f e c t i v e  r e a c t i o n  ra te  K i j .  
a c t i v a t i o n  e n e r g y  i n t r o d u c e s  a (T-I) 2 dependence i n  t h e  exponent .  
Thus t h e  d i s t r i b u t e d  a c t i v a t i o n  energy  c a n  be viewed as a 
clever d e v i c e  f o r  i n t r o d u c i n g  a second term i n  t h e  power 
series e x p a n s i o n  o f  l o g  k. From t h i s  one c o u l d  j u s t i f i a b l y  
c o n c l u d e  t h a t  t h e  d i s t r i b u t e d  a c t i v a t i o n  e n e r g y  i s  no more 
t h a n  a s o p h i s t i c a t e d  c u r v e  f i t t i n g  t e c h n i q u e ,  as opposed 
t o  a model whi9h o f f e r s  a r ea l i s t i c  d e s c r i p t i o n  o f  t h e  coal 
d e v o l a t i l i z a t i o n  p r o c e s s  (1). 

T h i s  i s  because  t h e  d i s t r i b u t e d  

U n f o r t u n a t e l y ,  Eq. (1) used  by Anthony c a n n o t  be  i n t e r -  
p r e t e d  as  e a s i l y  as Eq. (18). I f  we set 6V* = V i *  and 
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& (6V) = -ki (6V* -07) . 
But 6V* = V*f*(E)GE (see Eq. ( 7 )  ) ;  hence 

Or $t [z] = -ki V*f*(E) i ki [E] 
In the limit 6E-t 0 we have 

a ["v] - ki [g]  = -kiV*f*(E) E .>-E ( 2 6 )  

m av where V(t) = lo [E] dE. If we integrate Eq. ( 2 6 )  over E 
we obtain 

which compares with Eq. (1) written without a distributed 
activaticn energy: 

( 2 8 )  d at (V) - kV = -V*k. 

The term 1; kif*(E)dE on the right hand side of Eq. ( 2 7 )  

plays the role of k on the right hand sid.e of Eq. ( 2 8 )  and 
may be regarded as an effective rate constant K as before. 
Unfortunately, the role of kV on the left hand side of Eq. ( 2 8 )  
is played by the term 

and no particularly meaningful interpretation exists. 

Eq. (27) governs the time evolution of the expression 

= V(t,E)f(t,E), where 'Lim f(t,E) = f*(E). From this it is 
t+m aE - 

clear that the distribution function is not independent of 
time in this setting, but evolves in a manner governed by Eq. 
( 2 6 ) .  

141 



If the distribution function were independent of time, 
av av the expression - would become = V(t)f*(E) and Eq. ( 2 7 )  

would change to. 
a E  dE 

it (V) - VI: kif* (E)dE = - V*lm 0 kif* (E)dE (30) 

For this case the integral on the left hand side of Eq. 
(30) could also be interpreted as an effective rate constant 
K, and all the preceding remarks about distributed activation 
energies would also be true here. 

The physical meaning and implications of a time dependent 
distributed activation energy are not clear at the present 
time. It would be interesting to see if solutions to Eq. 
(30), which assume a time independent distributed activation 
energy, give better agreement with experiment than solutions 
fo Eq. ( 2 6 ) .  In any case, certain aspects of Eq. (26) 
suggest that it too can be interpreted as little more than 
a very sophisticated curve fitting technique. 

MODELS EMPLOYING A SET OF PARALLEL AND CONSECUTIVE R E K T I O N S  

Modeling at Princeton has emphasized the development 
of a reaction scheme involvina a set of competitive/consecu- 
tive reactions chosen to simulate observed experimental 
trends. The goal of this research has been the creation 
of a model which simulates the gross fundamental mechanisms 
of pyrolysis. Such a model is anticipated to have reliable 
predictive capabilities, as well as the more easily obtained 
interpolative capability. 

Recent research has focused on a critical re-examination 
of the Reidelbach-Summerfield (R-S) model ( 5 )  for coal 
pyrolysis. Table I summarizes the kinetic mechanisms present 
in this model. A detailed discussion of the reasoning 
which lead to this model can be found in the literature 
( 5 ) .  Reaction 1 was proposed to limit the decomposition 
of coal at low temperatures. Chemically, this step can be 
considered to be a reaction in which bond scissions occur 
and free raZicals are produced. After the coal has been 
activated, devolatilization can proceed by two routes, 
depending on the heating rate and final temperature. 
Since tar has always been reported as being driven off first, 
the tar formation step was chosen to have a low activation 
energy. In order to satisfy the experimental observation 
that the gas to tar yield ratio increases with increasing 
temperature, the primary gas formation reaction was chosen 
to hove a high activation energy. Reaction 4 accounts for the 
observation that gas evolution occurs up to 900°C during 
pyrolysis. Finally, reaction 5 accounts for results of the 
high temperature experiments of Kimber and Gray. In this 
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model, reacticns 1, 2 and 4 constitute the l ow temnerature 
devolatilization route, and reactions 1, 3 and 5 yiye the 
hiqh temperature route. 

Stcichiometric factors for the R-S model were chosen to 
yield results which agreed with experimental data available 
in the literature. Values for the activation energies and 
frequency factors were obtained by fitting theoretical pre- 
dictions of the R-S model to experimental data. Results 
calculated using the R-S model with the stoichiometric 
factors, frequency factors, and activation energies given 
in Table I enjoyed good agreement with experiment. However, 
the activation step employed an activation energy with a 
surprizingly large value-of 75 kcal/mole. Due to the magni- 
tude of this number, an experimental program was undertaken 
to study the activation step and to critically evaluate 
the other steps in the model. 

Since the activation step, by definition, cannot be 
accompanied by weight loss, some other physical change had 
to be measured in order to determine the reaction rate and 
order. Neasurements of heat release on the differential 
scanning calorimeter (DSC) proved to be useful in this case, 
assuming the activation step to be a single discrete reaction. 
Results of several experiments ( 9 )  on the DSC indicated 
that the reaction was first order with an activation energy 
of 2 8  kcal/mole and a frequency factor of 2.0 x l o 8  l/sec. 
Using these values, the R-S model no longer yielded results 
which agreed with experiment, and further modifications 
to the model were necessary. 

Table 2 summarizes the modified R-S model now being 
studied at Princeton. Xeaction 1 describes the formation 
of activated coal AC and an inert solid Si. The activated 
coal may be viewed as a viscous licuid bitumen, which exists 
in equilibrium with a polymerized solid S 2 .  The activated 
coal can be vaporized at low temperatures to form a gaseous 
tar and an intermediate solid S3, or it can be cracked at 
higher temperatures to form a primary gas PG and another 
intermediate solid S4.  Reactions 5 and 6 correspond to 
reactions 4 and 5 in the original R-S model. 

The differential equations given by this model have been 
integrated numerically and the results compared with experi- 
ment. As indicated in Fig. 1, the calculated results enjoy 
good agreement with the experimental data of Badzioch and 
Hawksley (10). Although this agreement is encouraging, it 
cannot be reqarded as providing sufficient evidence to assert 
the "correctness" of the model. Evidently, at least two 
models of the R-S type exist which agree with available 
experimental data. There are potentially many more. In 
crder to determine if a "correct" reaction scheme exists 
vithin this formalism, thus defining a model with true pre- 
dictive capability, more experimental results are required. 
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These experiments should be designed to emphasize chemical 
effects and minimize the effects of heat and mass transfer. 
Presently, TGA and DSC studies on Wyodak coal are being 
made at Princeton to generate experimental rate data needed 
to thor3ughly exercise the models discussed in this paper. 
Results of these studies will be reported as they become 
available. 

CONCLUSIONS 

Both the distributed activation energy model and R-S 
model yield results which enjoy good agreement with experiment. 
From this we conclude that both models have good interpolative 
capabilities for the limited range of experimental conditions 
examined to date. However, research reported in this paper 
suggests that the success of the distributed activation 
energy model may be due to its rathematical ability to fit 
6xperimental values of log k with a power series expression 
in T-l. ?he predictive capability of such a model is open 
to question. 

?he R-S model represents an attempt to define a reaction 
scheme which simulates the gross fundamental pyrolysis re- 
actions. If this attempt is successful, the model should 
enjoy good predictive capabilities. Presently, two models 
of the R-S type exist and both agree with experiment. It 
is concluded that more experimental data is required to 
fully exercise the models' capabilities and determine their 
"correctness". Experimental work to generate the required 
rate data is underway at Princeton and other universities. 
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Figure 1 Primary decomposition of a hvAb coal at different 
temperatures as a function of time. 

-----r-_ Theoretical curve obtained with the new 
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THE COMBINED INFLUENCE OF CHEMICAL AND PHYSICAL FACTORS UPON 
COAL PARTICLE TEMPERATURE PROFILES DURING RAPID HEATING PYROLYSIS 

James D .  F r e i h a u t ,  Alan A. L e f f ,  and Franc is  J. Vas to la  

Dept. of Mat. S c i ,  Fuel S c i .  Sec . ,  The Penn. S t a t e  Univ., Univ. Pk., PA 16802 

INTRODUCTION 

Wide v a r i a t i o n  i n  repor ted  k i n e t i c  parameters  f o r  t h e  p y r o l y t i c  decomposition 
of coa l  p a r t i c l e s  i n  vary ing  experimental  c o n d i t i o n s  causes  cons iderable  s p e c u l a t i o n  
as t o  whether coa l  p a r t i c l e  behaviour  i s  capable  of g e n e r a l i z a t i o n .  
account  t h e  prec is ion  and s e n s i t i v i t y  of  t h e  experimental  work performed, with 
r e s p e c t  t o  weight l o s s ,  t h e  tempta t ion  i s  t o  a t t r i b u t e  t h e  d i f f e r e n c e s  i n  k i n e t i c  
parameters  t o  the  chemical and p h y s i c a l  n a t u r e  of  c o a l  i t s e l f .  The complexity of 
c o a l  s t r u c t u r e  i s  then s a i d  t o  impart  t o  c o a l  a chameleon-like behaviour .  

Taking i n t o  

Assuming f i r s t  o rder  mechanisms f o r  t h e  decomposition of c o a l ,  some r e s u l t s  
i n d i c a t e  p y r o l y t i c  decomposition with a s i n g u l a r  va lue  f o r  t h e  a c t i v a t i o n  energy 
and frequency f a c t o r ,  whereas o t h e r s  d i s p l a y  behaviour  corresponding t o  d i s t r i -  
b u t i o n s  of k i n e t i c  parameters  (1,2). With vary ing  r e s u l t s ,  apparent ly  r e l a t e d  
t o  t h e  unique apparatus  and des ign  used i n  each s t u d y ,  t h e  ques t ion  n a t u r a l l y  
arises as t o  whether s u f f i c i e n t  a t t e n t i o n  i s  be ing  given t o  t r a n s p o r t  p rocesses  
involved i n  p y r o l y t i c  decomposition. 

In p a r t i c u l a r ,  i t  might b e  asked as t o  what combination of chemical and 
phys ica l  parameters  could i n f l u e n c e  t h e  i n t e r n a l  temperature  p r o f i l e  of t h e  c o a l  
p a r t i c l e s  such t h a t  t h e  temperature  can n o t  be s a i d  t o  be i d e n t i c a l  t o  t h a t  of 
t h e  e x t e r n a l  dr iv ing  system dur ing  t h e  t i m e  o f  i n i t i a l  pyro lys i s?  In o t h e r  words, 
can t h e  i n i t i a l  p y r o l y t i c  r e a c t i o n s  themselves s i g n i f i c a n t l y  inf luence  t h e  tempera- 
t u r e  p r o f i l e  of t h e  p a r t i c l e ,  and i f  s o ,  what combination of phys ica l  and chemical 
parameters  would be  needed t o  produce o r  main ta in  a s i g n i f i c a n t  temperature  
g r a d i e n t  wi th in  t h e  p a r t i c l e  dur ing  i n i t i a l  p y r o l y s i s ?  
c a p a b i l i t y  e x i s t s ,  and the  range of parameter  va lues  l i e s  wi th in  those  employed 
i n  decomposition s t u d i e s ,  then  r e s u l t s  from s t u d i e s  d e a l i n g  with coupled 
t r a n s p o r t  and r e a c t i o n  p r i n c i p l e s  may a i d  i n  t h e  understanding o f  observed 
p y r o l y t i c  behavior .  

I f  a combination of such 

PHYSICAL MODEL USED AS THE BASIS OF NUMERICAL CALCULATIONS 

In order  t o  numerical ly  determine t h e  e f f e c t  of chemical and phys ica l  para- 
meters upon p a r t i c l e  temperature  p r o f i l e s  dur ing  p y r o l y s i s ,  a b a s i c  composi- 
t i o n  model of coa l  i t s e l f  needs t o  be p o s t u l a t e d .  It i s  d e s i r a b l e  t o  make t h e  
model a s  s t ra ight forward  and g e n e r a l  as p o s s i b l e  i n  order  t o  more c l e a r l y  a s c e r t a i n  
t h e  e f f e c t s  of sys temat ic  paramet r ic  changes upon r e s u l t s .  Keeping t h e  model 
i n i t i a l l y  genera l  a l s o  al lows maximum freedom i n  r e f i n i n g  the  model t o  take  i n t o  
account  a d d i t i o n a l  processes  which may change t h e  form of the  o r i g i n a l  t r a n s p o r t  
equat ion .  
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The b a s i c  model proposed h e r e  f o r  c a l c u l a t i o n  purposes  views c o a l  a s  
c o n s i s t i n g  of two " f r a c t i o n s . " -  a p y r o l y t i c  f r a c t i o n  and an i n e r t  f r a c t i o n .  The 
"pyro ly t ic"  f r a c t i o n  i s  taken to  mean t h e  thermal ly  a c t i v e  or responsive m a t e r i a l  
p resent  i n  t h e  coa l  mat r ix .  The response is assumed t o  t a k e  t h e  form of a f i r s t  
o rder  express ion  of t h e  Arrehenius  type. The p y r o l y t i c  f r a c t i o n  e x i s t s  uniformly 
throughout t h e  p a r t i c l e .  " I n e r t "  is taken t o  mean t h e  p a r t  of t h e  c o a l  matrix 
which i s  not  s u b j e c t  t o  thermal  decomposition b u t  on ly  t o  s imple h e a t  absorp t ion .  
Although proposed h e r e  f o r  t h e  s a k e  of c l a r i t y  i n  c a l c u l a t i o n s ,  hypotheses  of 
t h e  two-part t y p e  a r e  c e r t a i n l y  not  novices  i n  c o a l  s t r u c t u r e  s t u d i e s .  Note t h a t  
"two f r a c t i o n "  h e r e  is taken t o  r e f e r  t o  t h e  i n e r t  and p y r o l y t i c  p a r t s  o f  t h e  coa l  
matrix t o  d i s t i n g u i s h  from s imi la r  terms used elsewhere which r e f e r  t o  t h e  thermally 
responsive m a t e r i a l  a lone  ( 3 ) .  

NUMERICAL FORMULATION AND SOLUTION TECHNIQUES 

A heat  ba lance  f o r  c o n c e n t r i c  s h e l l s  w i t h i n  s p h e r i c a l ,  i s o t r o p i c  p a r t i c l e s  
t a k e s  the  fol lowing form when c o n s i d e r a t i o n  i s  given f o r  p o s s i b l e  h e a t  absorp t ion  
by p y r o l y t i c  r e a c t i o n s :  

. .  
a * _  

'in- 'out - qrn + 'p 

where m r e f e r s  t o  t h e  a b s o r p t i o n  by unreac t ing  s o l i d  mat r ix  and p r e f e r s  t o  
hea t  absorp t ion  due t o  t h e  p y r o l y s i s  process .  The ba lance  leads  t o  t h e  unsteady- 
state p a r t i a l  d i f f e r e n t i a l  equat ion  f o r  conduct ive h e a t  t r a n s p o r t  of t h e  form: 

aT k a2T 2 aT  at = (-)[> + (-)-I - B(Pyro1ysis React ion Rate) 2) 
pCP a r  r ar 

where, k= thermal  c o n d u c t i v i t y ,  cal/cm-sec- OK 

p= s o l i d  m a t r i x  d e n s i t y ,  g /cc  

C = s o l i d  m a t r i x h e a t  capac i ty ,  cal/g-OK 
P 
B= h e a t  of  r e a c t i o n ,  c a l / g  o€  P ( s ) .  

k'C 
' P  

A s  noted above, t h e  i n i t i a l  g loba l  p y r o l y t i c  process  is assumed t o  fo l low a 
f i r s t  order  Arrehenius  type  of express ion  and,  consequent ly ,  has t h e  form: 

3) 

where, P(s l  i s  i n  g / c c ,  d e n s i t y  of p y r o l y t i c  m a t e r i a l ,  

k= k x exp(-EactjRxT) 

wi th  k i n  s e c  , 
Eact  i n  cal/"mole", 

R= 1.99 cal/"mole"-°K, 

-1 

T i n  OK. 
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One of s e v e r a l  boundary condi t ions  could b e  chosen f o r  t h e  numerical  process:  

T r  = T = C ,  C a cons tan t  i n  OK; 4 )  O e  

5) - dT r = m, m a l i n e a r  h e a t i n g  r a t e  i n  O K / s e c ;  

- ::)ro= H(T -T ) ,  H a p o s t u l a t e d ,  combined h e a t  t r a n s -  6 )  

d t )  o 

f e r  c o e f f i c i e n t ;  e s  

7) 2 dQ =F, F a cons tan t  h e a t  f l u x  i n  cal/cm -sec 
X ) r O  

where "ro" r e f e r s  t o  p a r t i c l e  s u r f a c e  and 'le'' r e f e r s  t o  t h e  e x t e r n a l ,  d r i v i n g  
environment. 

The r e s u l t s  shown i n  t h i s  s tudy  a r e  obta ined  us ing  t h e  f i r s t  type  of  
boundary condi t ion  noted above. R e s u l t s  f o r  t h e  o t h e r  type  of boundary condi- 
t i o n s  a r e  t o  be compared i n  a subsequent s tudy .  

I n i t i a l  condi t ions  w i t h i n  t h e  p a r t i c l e  need a l s o  t o  be s p e c i f i e d  before  
t h e  c a l c u l a t i o n  process  begins .  I n  t h i s  case  t h e  i n i t i a l  temperature  d i s t r i b u -  
t i o n  i s  assumed t o  be  f l a t ,  and a t  298°K. A'uniform concent ra t ion  of p y r o l y t i c  
material, such a s  40% of t o t a l  p a r t i c l e  mass and expressed i n  g /cc ,  i s  postu- 
l a t e d  and assumed t o  be present  uniformly throughout  t h e  p a r t i c l e .  

S ince  t h e  r e a c t i o n  r a t e  term of t h e  t r a n s p o r t  equat ion  conta ins  t h e  temper- 
a t u r e  v a r i a b l e  i n  an exponent ia l  manner, no a n a l y t i c a l  s o l u t i o n  e x i s t s  and re- 
course t o  numerical methods is appropr ia te .  R e s u l t s  were obta ined  using both 
e x p l i c i t  and i m p l i c i t  f i n i t e  d i f f e r e n c e  schemes. Displayed r e s u l t s  a r e  from an 
i m p l i c i t  Crank-Nicholson scheme with i t e r a t i v e  s o l u t i o n  of t h e  node equat ions  
obta ined  a t  each time s t e p .  Inc lus ion  of a f l o a t i n g  t i m e  s t e p ,  whose va lue  i s  
decreased a t  l a r g e  hea t  f l u x  c o n d i t i o n s ,  a i d s  i n  reducing  time requi red  t o  reach 
t h e  predetermined to l@rance  i n  t h e  i t e r a t i v e  process .  
t r a n s p o r t  equat ion  i s  accompanied by i n t e g r a t i o n  of t h e  f i r s t  order  equat ion  
d e s c r i b i n g  the  decay of condensed p y r o l y t i c  m a t e r i a l  w i t h i n  t h e  p a r t i c l e  mat r ix .  

I n t e g r a t i o n  of t h e  

RESULTS AND DISCUSSION 

Given t h e  computat ional  model and scheme above, i t  remains t o  determine 
what paramet r ic  va lue  sets,  f o r  a given p a r t i c l e  s i z e ,  l ead  t o  chemical c o n t r o l  
of p a r t i c l e  decomposition and what v a l u e  sets l e a d  t o  h e a t  t r a n s p o r t  c o n t r o l .  
O r ,  g iven a se t  of  k i n e t i c  parameters  and r e a c t i o n  c o n d i t i o n s ,  can a change i n  
p a r t i c l e  s i z e  lead  t o  a t r a n s i t i o n  from chemical c o n t r o l  t o  h e a t  t r a n s p o r t  
c o n t r o l  of t h e  i n i t i a l  p y r o l y t i c  process? 

I n  chemical c o n t r o l ,  t h e  process  is p i c t u r e d  a s  t a k i n g  p l a c e  uniformly 
throughout t h e  p a r t i c l e  and a t ,  o r  very  n e a r ,  t h e  s t a t e d  e x t e r n a l  d r i v i n g  
temperature .  In  h e a t  t r a n s p o r t  c o n t r o l ,  t h e  p y r o l y t i c  process  is viewed as 
tak ing  p lace  i n  a r e l a t i v e l y  t h i n - s h e l l ,  r e a c t i o n  zone. The r e a c t i o n  zone shr inks  
toward t h e  p a r t i c l e  c e n t e r  a s  t h e  p y r o l y t i c  process  d e p l e t e s  t h e  Concentrat ion of 
p y r o l y t i c  m a t e r i a l .  
behaviourof  coa l  p a r t i c l e s  ( 1 , 4 ) .  Experimental condi t ions  and p a r t i c l e  s i z e s  
v a r i e d  cons iderably ,  however, and t h e  r e s u l t s  shown below i n d i c a t e  t h a t  such ex- 
treme v a r i a t i o n  i n  behaviour  i s  indeed p l a u s i b l e ,  even f o r  t h e  same c o a l  type.  

I d e a l l y  t h e  s h r i n k i n g  c o r e  process  can  be descr ibed  by means of t h e  fol lowing 

Both t y p e s  of  p rocess  have been p o s t u l a t e d  t o  e x p l a i n  

l i m i t  d e f i n i t i o n s :  
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a t  t h e  r e a c t i o n  f r o n t ,  corresponding t o  i n f i n i t e  g r a d i e n t s  f o r  t h e  remaining 
s o l i d  p y r o l y t i c  m a t e r i a l  and t h e  temperature  of t h e  s o l i d  matr ix .  
volumetr ic ,  chemical  c o n t r o l  c a s e  might be descr ibed  by: 

The isothermal-  

P (Tr + Ar) - O r )  
] =O 1 0 , l l )  A r  lim 

A r-tO 

(s ) ) r - ( ' ( s ) ) r  + A r  ] = 0,  and l i m  [ 

A r+C O r  

corresponding t o  f l a t  concent ra t ion  and temperature  g r a d i e n t s  w i t h i n  t h e  p a r t i c l e  
dur ing  the  p y r o l y t i c  process .  

I n  p r a c t i c e ,  one  must dec ide  i n  advance upon some f i n i t e  g r a d i e n t  va lues  
It would seem d e s i r a b l e  t o  s p e c i f y  o p e r a t i o n a l  which approximate t h e  i d e a l s .  

g r a d i e n t s  f o r  t h e  c l a s s i f i c a t i o n  of decomposition t y p e  i n  t e r m s  of P , concent ra t ion  
of o r i g i n a l  p y r o l y t i c  m a t e r i a l  p r e s e n t ,  and r , p a r t i c l e  rad ius .  
h e a t  t r a n s f e r  c o n t r o l ,  working g r a d i e n t  i n d i c g s  could be  s p e c i f i e d  as follows: 

In'the case  of  

L e t ,  = ( P ( s ) ) r - ( P ( s ) ) r  + Ar = (0.5) Po 

w i t h i n  a r a d i a l  displacement ,  A r ,  of 0 .2ro .  
g rad ien t  at t h e  r e a c t i o n  f r o n t  of  2.5po. An analogous,  opera t iona l  

This  would give a concent ra t ion  

gradien t  index could be der ived  f o r  t h e  temperature  denot ing h e a t  t r a n s f e r  cont ro l .  
S i m i l a r  i n d i c e s  can a l s o  be formulated f o r  t h e  chemical c o n t r o l  c a s e ,  b u t  i n  t h i s -  
c a s e  r a d i a l  displacement  would be  taken as 1 . 0 r  . As a r e s u l t  a working t a b l e  
might have t h e  form: 0 

Concent r a t  i o n  

I n  f i g u r e s  1, 2 ,  and 3 below a r e  shown t h e  r e s u l t s  of t h e  numerical  c a l c u l a t i o n s  
f o r  two d i f f e r e n t  p a r t i c l e  s i z e s  h e l d  under t h e  same s u r f a c e  boundary condi t ions  
and made t o  decompose by t h e  same s e t  of chemical parameters .  C l e a r l y ,  t h e  500um 
p a r t i c l e  approximates t h e  t r a n s p o r t  c o n t r o l  i d e a l  dur ing  t h e  major p a r t  of t h e  
i n i t i a l  p y r o l y t i c  process  whereas t h e  25ym p a r t i c l e  approximates t h e  chemical 
c o n t r o l  l i m i t .  Examination of  t h e  f i g u r e s  i n d i c a t e ,  t h a t ,  i n  t h e  c a s e  of h e a t  
t r a n s p o r t  c o n t r o l ,  t h e  r e a c t i o n  process  i s  t a k i n g  p l a c e  a c r o s s  a temperature  
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range s i g n i f i c a n t l y  d i f f e r e n t  from t h e  s t a t e d  d r i v i n g  temperature .  
shows t h e  temperature-time h i s t o r y  of  t h e  c e n t e r  of  t h e  500pm p a r t i c l e .  It  can 
be seen t h a t  t h e  endothermici ty  of the p y r o l y t i c  process  in t roduces  an a p p r e c i a b l e  
t i m e  l a g  i n  the  p a r t i c l e ' s  response t o  t h e  d r i v i n g  temperature .  

Figure 4 

Calcula t ions  performed with v a r i a t i o n  of  allowed chemical and phys ica l  
parameters  f o r  t h e  same p a r t i c l e  s i z e  i n d i c a t e  t h e r e  i s  a wide range of 
experimental  condi t ions  i n  which t h e  i n i t i a l  p y r o l y t i c  process  i s  non-isother-  
mal and non-uniform w i t h i n  t h e  p a r t i c l e ,  depending upon t h e  parameters  chosen 
f o r  t h e  thermal decomposition process .  These r e s u l t s  a r e  being examined more 
c l o s e l y  i n  conjunct ion w i t h  var ious  boundary c o n d i t i o n s .  
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